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INTRODUCTION TO PART I .
Although the automatic hydraulic ram was Invented  
nearly  150 years ago, I ts  use had not become as widespread 
as i t s  s im p lic ity  o f  co n stru ctio n , lo w .c o s t , d ep en d ab ility , 
ease o f  operation  and e f f ic ie n c y  would seem to  warrant#
This has been due la r g e ly  to  the lack o f  r e l ia b le  Information  
concerning the lim itin g  con d itions under which the ram Is  
ap p licab le end phenomena governing i t s  action*
3h e x is t in g  te c h n ic a l l i t e r a tu r e ,  Including modern 
reference works, the hydraulic ram i s  trea ted  very  
s u p e r f ic ia l ly ,  the inform ation being lim ited  u su a lly  to  the 
d escr ip tio n  o f the elem entary form o f the machine#
W hilst in v estig a tin g  o r ig in a l sources referrin g  to  
the su b jec t, the present w r iter  traced a mass o f  sca ttered  
fragments o f Inform ation, varying from erroneous and m isleading  
ru les to  most Ingenious designs* The scope o f these fin d in gs  
i s  rather ou tside the requirements fo r  o r ig in a l engineering  
research* On the other hand, to  Ignore them would mean to  
leave a big gap In the knowledge o f the su b ject and th ere fo re , 
i t  has been decided to  supplement the d iscu ss io n  o f  the  
r e su lts  o f  the author*a own research by a separate d is se r ta t io n  
e n t i t l e d : ”A c r i t i c a l  survey o f the e x is t in g  Information  
r e la t in g  to the automatic hydraulic ram*” I t s  ob jects are
f iv e f o ld : -
1* -  to  e lu c id a te  underlying p r in c ip le s ,
2# -  to  co rrect erroneous op in ion s,
3* -  to  I l lu s t r a te  the p o s s ib i l i t i e s  o f  u se fu l a p p lica tio n ,
4* -  to  review the development in  the p a s t , and
5* -  to  determine the research  remaining to  he done#
I .  DEFINXTION OF THE HYDRAULIC RAM AND DESCRIPTION OF A 
TIP IC AL IN'iTALLATION * '
The hydraulic ram i s  an automatic water r a is in g  
machine, combining the q u a lit ie s  o f  prime mover and pump, 
hy which the f a l l  o f  a com paratively large  volume o f  water 
under a com paratively low head provides power to  r a ise  a , 
p ortion  o f the supply water to  a h eigh t g rea ter  than th a t  
o f  the sou rce, by taking advantage o f the pressure r is e  
re su ltin g  from the abrupt in terru p tion  o f  the motion o f  a 
column o f  water*
The hydraulic ram may be considered as a transform er 
o f  energy: p o te n t ia l energy o f  a liq u id  stream having a
g iv en  pressure and Input Is f i r s t  converted in to  k in e tio  
energy; th is  k in e t ic  energy i s  transformed in to  energy o f  
s tr a in , baaed on the phenomenon o f  water-hammer; f in a l ly ,  
the energy o f  s tr a in  i s  reversed to  p o te n t ia l energy o f a 
second liq u id  stream , having a h igher pressure than the i n i t i a l  
stream and consequently a reduced output*
The h igher the d esired  d e liv e ry  head, the sm aller  
Is the proportion o f  water d e liv e r e d , but where there i s  a 
surplus o f water th is  Is o f l i t t l e  consequence*
The phenomenon o f the impact a ctio n  o f  water as 
employed in  the hydraulic ram has freq u en tly  been compared 
w ith  the a c tio n  taken in  d riv ing  a n a il*  A steady pressure
transm itted  through a hammer to  the head o f  a n a i l  i s  not 
o rd in a r ily  s u f f ic ie n t  to  force  i t  in to  the wood* In d riv ing  
a n a i l ,  i t  Is the momentum o f  the arrested  v e lo c ity  o f  the  
hammer head which produces the r e su lts  that the weight o f the  
hammer alone cannot accomplish* In a hydraulic ram, i t  i s  
the sudden in terru p tion  o f the flow  which produces the w ater- 
hammer, which in  turn performs a pumping operation*
Energy a v a ila b le  in  the hydraulic ram may be used  
not on ly  fo r  pumping a p ortion  o f  the supply water* I t  can 
be applied to  work a pump and so to d e liv e r  pure water when 
the water operating the ram Is muddy or impure* A lso, i t  can 
be employed to  work as a compressor or even as a motor*
A number o f more important v a r ie t ie s  o f the hydraulic ram 
are d iscu ssed  in  sec tio n s V III and IX*
The tern  “hydraulic ram“ as applied to  the water 
ra is in g  machine under d isc u ss io n , has the p a r ticu la r  
disadvantage th at freq u en tly  p iston s used in  recip rocating  
pumps and other hydraulic machines are referred  to  by the 
same term* Line ham (66) uses the term “hydraulic Impulse 
ram”, which seems to  be a much b e tte r  ex p ressio n .
F ig . 1 . I l lu s tr a te s  a t y p ic a l  hydraulic ram 
in s t a l la t io n .  A supply tank A is  fed  from a sp r in g , streem , 
r iv e r  or other source o f water* The conduit B, c a lled  the  
drive p ip e , i s  the e s s e n t ia l  part o f the machine in  which
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6a l l  t  rana fo  m a t ions o f  energy take p lace* The k in e t ic  energy  
ia  obtained by a q u an tity  o f  w ater Q f a l l in g  under a head H 
from the tank A through the drive pipe B, then  passing through 
the impact chamber C, and f in a l ly  escaping by the valve 1*
This valve is  v a r io its ly  c a lled  the w aste, escap e, dash, 
p ulse or impulse valve* For the purposes o f our paper, valve  
D w i l l  be referred  to as the Impulse valve* I t  w i l l  be seen  
that the k in e t ic  energy o f flow ing water i s  transfom ed  in to  
the energy o f  s tr a in  by the a ctio n  o f  the impulse valve D in  
in terrup ting  the flow  o f water in  the drive pipe B and th at  
th is  energy i s  transm itted  to  the water contained in  the  
d e liv e r y  pipe G, causing i t  to flow  to  the required e le v a tio n  h* 
P utting  a s id e , fo r  fu ture co n sid era tio n , the 
cond itions r e q u is ite  to  obtain  proper function ing  o f  the 
machine, i t  i s  assumed th a t the impulse valve D opens suddenly* 
The water s ta r t s  to  flow  down the drive p ip e , and iua v e lo c ity  
in creases u n t i l  the impulse v a lv e , l i f t e d  by the current o f  
escaping water c lo se s  abruptly* This abrupt closure produces 
the water-hammer and the r is e  o f  pressure thus caused opens 
the d e liv e r y  (or check) valve 1 forcin g  through I t  a cer ta in  
volume o f water q* This volume accumulates tem porarily in  
the a ir  chamber F, and the pressure e x is t in g  in  t h e  a ir  
chamber forces th is  water up through the d e liv e ry  p ipe G Into  
the d e liv ery  tank I ,  from which i t  i s  d istr ib u ted  by  
g r a v ita tio n  as required*
Th© subsequent c lo su re  o f the d e liv e r y  va lve S 
n eu tr a lise s  the shock and reduces the upward pressure on the 
impulse va lve f>, w h ils t  at the same time the water in the  
impact chamber and drive pipe r e c o ils  causing reduction  o f  
pi’essure under the impulse valve which thereaipon f a l l s  and 
allow s th e  escape of the water again* Sim ultaneously, 
th is  reduction  o f pressure causes the a ir-charging valve J 
(sometimes c a lle d  the s n if t in g  v a lv e ) to  open, adm itting a 
sm all amount o f a ir  in to  the in ta c t  chamber o f  the ram.
This a ir  is  carried  along w ith  the water in to  the a ir  chamber 
to  compensate fo r  th a t absorbed by the water*
The above c y c le , c o n s is tin g  o f  two main p eriod s, 
namely the period o f  a cc e le ra tio n  during 'which the k in e tic  
enox^y i s  produced, and the period o f  retard ation  during 
which water is  pumped, is  au tom atica lly  repeated in d e f in it e ly  
at a rat© varying from a few to  over 300 p u lsa tion s per 
minute*
The performance o f th© hydraulic ram depends upon 
many variab les which are considered in  d e t a i l  in  Fart I I  
o f  th is  th e s is*  I t  Is expected th a t the d iscu ss io n  there  
w i l l  e lu c id a te  any u n certa in tie s  regarding the cy c le  o f  
operation , which at th is  stage may appear to  be o f a 
somewhat complex nature*
II*  TIHS PHBNQKElIOfl OF THE WATER HAMMER *
In order to  understand c o r r e c t ly  the a c tio n  o f  the 
hydraulic ram I t  w i l l  be necessary to  review the p r in c ip le s  o f  
the phenomenon o f  the water hammer based on the e la s t i c  
properties o f  the water and the pipe* The co m p ress ib ility  o f  
water Is so sm all th a t in  problems in volv in g  water at re3 t or 
in  s ta te  o f steady flow  i t  may be assumed to  be an 
incom pressible liq u id #  However, in  c e r ta in  important c a se s ,  
fo r  example where sudden in terru p tion  or sudden commencement 
of flow  Is Involved , the co m p ress ib ility  becomos the 
p rev a ilin g  factor#  The co m p ressib ility  o f  water v a r ies  w ith  
the temperature and the pressure, but fo r  the purposes o f  
c a lc u la tio n  under cond itions u su a l in  ordinary p ra ctice  the 
bulk modulus fo r  fresh  water may be taken as 300,000 lbs#  per  
sq .in *
It i s  a m atter o f fundamental p r in c ip le  o f mechanics 
that the a cce lera tio n  or re tard ation  o f a moving column o f  
water requires the a ctio n  o f an unbalanced fores#  Sine© 
a c ce lera tio n  and retard ation  are id e n t ic a l except as to  s ig n ,  
the required a cce lera tin g  fore© may in  a l l  cases be expressed  
by the standard formulas
Fore© as mass x a cc e lera tio n  -  - -  - -  - -  - -  -  (II#1)  
Let L, be the length  o f  the pipe in  f e e t ,  A the area o f I t s  
cross s e c t io n  In square fe e t  and w I ts  s p e c if ic  weight in  lb#  
per c u .f t#  3hen the mass o f  water in  the pipe i s  expressed
» 9 *
by
and i f  v be the v e lo c ity  o f  water in  f t / s e c *,
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the a cce lera tio n  is  expressed on the fonnula £&• The
dt
re su ltin g  fo rce  F required to  produce th is  rat© o f change i s
V a 2 - |J !  £ §  ( in  l b . ) .................................... -  -  -  (IX.S)
The corresponding head o f  water faa re su ltin g  from 
th is  force  i s
ha * - r -  s  JSZ     —  ( I I .3 )AW g fp  I**-*/
It  w i l l  be seen  as we proceed in  our in v e s t ig a t io n
th at the an a lysis  o f the th e o r e t ic a l cy c le  o f  operation o f
the hydraulic ram i s  la r g e ly  based on the f o m ila  (11*3)*
The value o f  ha g iven  by formula (11*3) i s  a gen era l
expression  fo r  the change In pressure-head due to  a change o f
v e lo c ity *  When in  excess o f  the s t a t i c  pressure It  i s  commonly
c a lie d  11 wate r h amme ru •
I t  is  ev ident from the formula (11*3) th at the water
hammer head produced by the rapid c lo s in g  o f a va lve a t the end
o f the pipe w i l l  be a maximum fo r  the maximum p o ss ib le  value
o f or that obtained by c lo s in g  the valve in sta n tly *  Were 
dt
i t  not fo r  the e l a s t i c i t y  o f  the v^ater and the p ip e , and a lso  
fo r  the f r ic t io n a l  r e s is ta n ce  to  tv a ve propagation, Instantaneous 
valve closure would produce an In fIn ite  rate o f retard ation  —at
and hence in f in i t e  pressure* This i s  not the c a se , and
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mathematical in v e s t ig a t io n s , which have been confirmed
experim entally , show that i f  the time o f  the valve c lo su re
is  le s s  than —  (where C is  the v e lo c ity  w ith  which a wave o f  
G
compression tr a v e ls  in  the v/ater and p ip e ) , the maximum 
p o ss ib le  ra te  o f  retard ation  i s
( 5 2 )  -  U L      /  T T  A  \
(dt )  m a x " ”   ---------------------
S u b stitu tin g  th is  in to  equation (11*3) we g e t
ha (max) * “ X -   -----------------------  —  —  (11*5)
V'e3,l-known formulae o f  physics g iv e  fo r  the v e lo c ity  o f  an 
acou stic  wave in  an e la s t i c  medium the equation
C - ....................- ................................. ( I I . 6 )
where g « a cce lera tio n  due to  g r a v ity ,
K s modulus o f  e l a s t i c i t y ,  
w s  s p e c if ic  weight*
Using form ula (11*6) we may now determ ine th e  v e l o c i t y  o f  
sound in  w ater*  With 1C * 300,000 l b s .  p e r  s q . in * ,  g » 32*2 
f t / s e c ^  and w 5 62*5 lb* p e r  cu*ft*  t h i s  gives G * 4700 f t / s e c *  
•S ubstitu ting  t h i s  r e s u l t  in to  eq u a tio n  (11*5) we o b ta in
ha (max) s  ~  = | | 2 g  v = 146 v -  -  - -------------  (XI.7)
This i s  a very  import ant con clusion  in  understanding 
the a c tio n  o f  a hydraulic ram* I t  shows th a t , th e o r e t ic a lly ,  
an instantaneous reduction  in v e lo c ity  o f 1 f t*  per sec* i s
11
equ ivalent to  the pressure head o f 146 f t*
In the a ctu a l Instance o f water in  a drive p ip e , v;e 
do not have the sim ple case o f  a s in g le  medium* We must 
consider the in fluence o f the m ateria l o f  the pipe forming 
the envelope o f the water and the problem becomes therefore  
that o f fin d in g  the v e lo c ity  o f  the wav© in  a core o f  e la s t ic  
water surrounded by an e la s t ic  drive pipe* Hi© e la s t ic  
com pression  o f the water and the e la s t ic  d is te n s io n  o f  the  
p ip e , combine to  g ive  to  the system a v ir tu a l bulk modulus 
which Is u su a lly  denoted by K^* This problem was very  
thoroughly stud ied  by Joukowski (51) and a lso  by P rofessor  
Gibson (58)*
Considering tlx© pipe as being f ix e d  at the ends 
and fr e e  to  expand r a d ia lly , Joukowski arrived at the  
formulas
%  5 f  +  f i .........................................................<n -0)
P rofessor Gibson, on the other hand, assumed th a t  
the pipe is  free  to  expand r a d ia lly  end lo n g itu d in a lly  end 
reached the fo m u les
i i  = E +  5§B * (5 i§}  -------------------------- ( I I .9 )
The meaning o f ayabols in  formulae (11*8) and 
(11*9) i s  as fo llo w s;
«* 12
Z « bulk modulus o f water in  lb .  per s q . in .  
r  * in s id e  radius o f  pipe in  in s * 
t  « th ickn ess o f p ipe w a ll in  ins*.
E * modulus o f  e l a s t i c i t y  o f  pipe m ateria l in  lb*  
per sq .in *  
l /m  s  Pais son1 s ra tio *
Table I ,  based on Walker and Crocker (96) g iv es  the
values o f  P o isson 1 a r a t io  end o f the modulus o f  e l a s t i c i t y
fo r  m ateria ls which may be u t i l i s e d  fo r  the drive pipe o f
a hydraulic ram:
M aterial l /m E
S te e l
Wrought iron  
Cast iron  
Copper 
Lead
Concrete
0.503
0.278
0.270
0.333
0.430
0 .15
30,000,000
28,000,000
15,000,000
14,000,000
700,000
2 ,000,000
Table I *
Combining togeth er equations ( I I . 5 ) ,  (11*6) and 
(11*9) we obtain  the fo llo w in g  formula fo r  the maximum head 
due to  water hammers
h^ (max) s i \s  \
gKl
0.267V
*1 8 144
I  + - |t2 < 5 -iT
32.2  *62,5 
- -  -  (11.10)
T h eo r e tica lly , in  the case  o f  a r ig id  p ip e , th e  
r a tio  * / t  *  0* and the pressure hdad g iven  by th is  formula 
becomes id e n t ic a l w ith  th a t given  by the equation (11*7)
mm 13
i*e*  146 f t*  head o f  water per 1 f t* /s e c *  o f tho destroyed  
v e lo c ity *  The e l a s t i c i t y  o f  the pipe accounts fo r  the reduction  
o f th is  maximum value w ith the increased r a t io  o f
The numerical values o f ha (max) fo r  pipes made o f  
s te e l*  wrought iron* c a s t  iron* copper* lead  and concrete  
have been computed using  the formula (11*10) and are shown in  
f i g .2 .
The values o f ha (max), as shown in  f ig *  2 are fo r  
the instantaneous reduction  in  the v e lo c ity  o f  1 f t * / s e c .  
and the complete r e f le c t io n  o f  the compression wave* 
Corresponding values o f  ha (max) fo r  any other reduction  in  
v e lo c ity  can be obtained by m ultip ly in g  these values by that 
reduction  in  v e lo c ity *  The above remarks help  in  drawing 
some conclusions v&tfo regard to  the s u i t a b i l i t y  o f various  
engineering m ateria ls fo r  the drive pipe* I t  can be seen from 
the f i g *2 that a s t e e l  pipe secures the h igh est pressure head* 
Wrought iron* and c a s t  iron  come next* Actual p ra ctice  
confirms th is  con clusion  as s t e e l ,  wrought iron  and c a s t  iron  
are the m ateria ls most commonly used fo r  the con stru ction  o f  
d rive pipes* further* other con d itions being equal* the  
m ateria l o f  the pipe and I t s  r a tio  r/ t  w i l l  a f fe c t  the 
performance o f  the hydraulic ram* Eytelwein (5) used a copper 
drive pipe in  h is experim ental ram* and i t  i s  c e r ta in  th a t h is  
r e su lts  would have been much b e tte r  i f  he had used a s t e e l  
drive pipe o f  the same dim ensions. Clark (52) mentions the
E I K>
u .  106 -
3
CT> /v'r
^  65
n. ec-
2 5 ; i 3
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p o s s ib i l i t y  o f  lead being used as a m ateria l fo r  drive p ip es , 
but i t  i s  c le a r  from f ig *  2 th a t lead i s  the moat u nsu itab le  
m ateria l fo r  th a t purpose* Granderaange (89) suggested concrete  
drive p ipes fo r  rams d ea lin g  w ith very large q u a n titie s  o f  
water* I t  can be concluded from f ig *  2 that such drive p ipes 
should be very th ic k  In order to  produce a water hammer 
comparable with that o f  a s t e e l  pipe o f  the same diameter*
The r is e  in  the pressure head caused by the •water 
hammer may be minimised by the use o f r e l i e f  v a lv e s , surge 
tanks and a ir  chambers* In 1894, P rofessor Carpenter (41) 
o f C ornell U n iv ers ity  made experiments on the water hammer in  
which he used a 2 ins* pipe w ith  a quick c lo s in g  v a lv e , with  
and withott an a ir  chamber* The curve fo r  h is  experiments 
w ith an a ir  chamber shows values o f pressure*-head3 from one~ 
h a lf  to  one-th ird  of those obtained by the use o f equation  
(11.10)* Cleverdon (93) attempted to fin d  most e f f ic ie n t  
dimensions o f an a ir  chamber required fo r  the reduction o f the 
pressure head due to  the water hammer* According to him, a 
short a ir  chamber o f a large diameter Is more e f f ic ie n t  in  
reducing the water hammer than a long a ir  chamber of a sm all 
diameter*
I t  i s  gen era lly  not appreciated th at In consequence 
of Instantaneous or approximately instantaneous c lo s in g  o f a 
valve a t the lower end o f the moving column o f water there i s  
an e la s t ic  r e c o i l  o f the la t te r *  This phenomenon, o f  great
«* 10 *»
importance in  the understanding of the a c tio n  o f a hydraulic  
ram was studied  in  1937 by Leconte (94) ,  who developed a 
mathematical so lu t io n  o f the problem and confirmed i t  by 
experiment*
-  17
I I I .  LOSSES OF bead IH the drive p ip e *
Although a v a st amount o f  research has been conducted 
to  determine the head lo s s  in  p ipes fo r  d iffe r e n t  cond itions  
o f flow , many o f the fa cto rs  governing the flow o f  water in  
pipe3 are as y et not d e f in i t e ly  determ ined, and the computations 
are therefore to  a c e r ta in  ex ten t approximate*
I t  has been demonstrated in  the previous se c tio n  th a t  
the maximum pressure head which can be produced in  the drive  
pipe as a r e su lt  o f water hammer i s  a fun ction  o f the v e lo c ity  
of water* The g rea ter  th e  v e lo c ity  o f  w ater, the g rea ter  is  
the pressure head under which the hydraulic ram may d e liv e r  
the w ater pumped*
As the hydraulic ram Is a machine working under a 
com paratively low head o f  w ater, the exact knowledge o f lo s se s  
reducing the already low i n i t i a l  head o f  w ater, i s  a f i r s t  
step  lead ing  to  I ts  r a t io n a l con stru ction  and operation*
T h eo re tica lly , i f  there were no f r ic t io n  or turbulence  
lo s s e s ,  the flow  o f water through pipes could be determined by 
mean3 o f B e rn o u lli^  theorem in  accordance w ith the fundamental 
formula:
where
v s id e a l v e lo c ity  o f  stead y  flow in  f e e t  
per second,
«* IB —
g s  a cce lera tio n  due to  g ra v ity  in  f e e t  per 
second,
E » head in  f e e t  at the pipe end causing the flow* 
Equation (1X1*1) maybe presented in  a lter n a tiv e  foxm as
H s 2 2 ----------- -------------------------------- ( I I I .2 )
2q
In f a c t ,  i f  E i s  the t o t a l  head in  f e e t  a v a ila b le  
to produce flow , we may w rite;
V2
H -  ~  a hx *+• hg + I23 4- I24 4* hg •  (11 ,3 )
&i=>
where "Vo cleans actu a l v e lo c ity  o f  steady flow  and the r ig h t-  
hand member o f  the equation  expresses the sun o f  a l l  the 
lo s s e s  o f  head* Commencing at the supply end o f the drive  
pipe we haves
hx » lo ss  o f  head at entrance, 
h.2 # lo s s  due t o  sh in  f r ic t io n  In the p ip e ,
hg 2 lo s s  due to  curves and bends ( I f  any),
h^ 5 lo s s  due to  gate va lves ( i f  any),
hg * lo s s  due to  impulse valve*
Each o f  the lo s s e s  may be expressed by a term equal 
to  m u ltip lied  by some co rrectio n  fa c to r  k , except the
2g
lo ss  due to sk in  f r ic t io n ,  a general expression  fo r  which i s
“s ’ 1 ! #  ............................................................... i 111-*)
where
f  » c o e f f ic ie n t  o f  f r ic t io n  
L s  length o f pipe
H * “hydraulic radius” » area o f  pipe cross~ se c t io n
w etted perim eter
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cnr t?  I
For c ir c u la r  pipes H » — g—  j  TI D  *
’.Thus foi* c ir c u la r  pipes equation (111*4) become3
kg a ^ ................................................................. ( I I I .  5)
u 2 g
The f r i c t i o n  c o e f f ic ie n t  in  th i3  eq u a tio n  has been 
determ ined ex p e rim en ta lly  in  r e la t io n  to  a d im ension less r a t i o  
known aa Reynold a number*
Hence the equation (111*3) may be w ritten :
H -  I& z  k l 4  4  4 f  «!> Z I4. ^3 + k4 z l  + kc vo
2 g  S g  »  2 g  2 g  4  2 3  s  ~ -
v2
H ■ 11  +  J k i  + k n k .  + k . (  4 4 f i  2 g  1
Putting ( k i 4 &g + k:4 + kg) # ^ .k  we f in a l ly  obtain  the 
expression  fo r  the v e lo c ity  in the drive pipe under the  
con d ition  o f steady flow
  T  ---   ( I I I .  6)
( i + X k ^ 4  f  p
Value o f k i  fo r  entrance lo a s *
The entrance lo s s  depends upon the shape o f tie  pipe 
end* For a pipe at r ig h t angles to  the supply tank, and where 
the entrance edges are sharp, k-j, may be taken as approximately  
equal to  0*5.  Should the drive pipe project in s id e , k^ ciay be 
as high as 0*93, but i f  the entrance Is o f be 11-mouth ty p e , 
k i may be taken equal to  0*04*
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Value o f  the c o e f f ic ie n t  o f  f r ic t io n  f  *
I t  has long been known th a t flow  o f  f lu id s  may be 
o f  two types i*e*  laminar and turbulent* Osborne Reynolds 
in  h is well-known experiments showed that the change from 
laminar to  turbu lent flow was dependent on Reynolds number R 
where
p s  v e lo c ity  o f  f lu id  x diam eter o f  nine 
kinematic v is c o s i t y
and occurred a t a value o f  H a 2500 approx*
Uikuradse (35) proved ezperim entally  that fo r
laminar flow  the c o e f f ic ie n t  o f  f r ic t io n  f  depends on ly  on
Reynolds number and fo llo w s the formula f  = ~  fo r  bothK
smooth and rough pipe3* The f r ic t io n  c o e f f ic ie n t  curves fo r  
pipes w ith  varying degree of roughness are shown in  f i g *3*
A s e r ie s  o f  v e lo c ity  curves shown a t the lower part o f the  
diagram makes i t  p o ss ib le  to  fin d  rea d ily  a term inal value  
o f  Reynolds number fo r  a given  v e lo c ity  and diameter of the  
drive pipe* Kinematic v is c o s i t y  corresponding to  the 
temperature lS°C Is assumed to  be 0*00001228 ft* ^ /sec*
2ho diagram exp la ins p o ss ib le  experim ental d i f f i c u l t i e s  in  the  
case o f  a hydraulic ram as a c tu a lly  the flow  i s  not stead y , 
and during each cy c le  o f operation  Reynolds number v a ries from 
sero to  a c er ta in  term inal value*
In the upper part o f f i g *  3 ,  the l e f t  hand slop in g  
p ortion  represents the cond itions o f  laminar flow  in  which 
roughness has no appreciable e ffe c t*  At a Reynolds number o f
NlKURAOSE 
PIPES ARTlF 
BY COATING 
SAND.
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; iiAS9 S 00 O'
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VELOCITY TER IN | FT/
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about 2600 the change to turbulent flow  occurs w ith  an 
increase in  the c o e f f ic ie n t  o f fr ic t io n #  The degree o f rough** 
ness determ ines the Reynolds number at which d ev ia tion  from 
the smooth^pipe lav/ takes place* In a rough p ip e , the  
c o e f f ic ie n t  o f  f r ic t io n  f  tends to  become constant as the 
Reynolds number increases and then to  be dependent only upon . 
the r e la t iv e  roughnes3 *
Natural roughness o f  drive pipes is  u su a lly  caused 
by d eter io ra tio n  such as corrosion  or d ep ositing  of so lid s*
I t  i s  th erefore im possible to  s ta te  the conditions o f rough 
drive pipes in  terms o f  Ulktiradse c o e f f ic ie n t  For
design  purposes we must be s a t is f ie d  with an I n te l l ig e n t  guoss 
of the c o e f f ic ie n t  o f  fr ic t io n *  U su a lly , i t  w i l l  vary w ith in  
the lim its  from 0*005 to  0*010#
Value o f  k3 fo r  lo ss  due to curves and benda*
For th is  fa c to r  av a ila b le  inform ation is  somewhat 
c o n flic t in g *  Some a u th o r itie s  are s a t is f ie d  by sim ply adding 
fo r  each elbow in  a pipe l in e  a cer ta in  number o f ex tra  fe e t  
to  the length  L o f  the lin e  to  allow  fo r  the extra  fr ic t io n *  
Such allowances ar© o f  course em p ir ica l, s in ce  they do not 
take in to  account the v e lo c ity  o f  the water*
The most r e lia b le  data on t h is  su bject are due to  
Dr* Hoflnann (82) who stud ied  i t  in  h is  doctor*a th e s is*  He 
found that the value o f the c o e f f ic ie n t  v aries w ith  the  
roughness o f the surface In the bend, w ith the r a t io  o f  the
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radius o f curvature o f  the pipe axis r to  the diameter o f  
the pipe D and w ith the Reynolds number*
Values c f  kg fo r  90° bends as determined by Dr* Hofnann 
in  case o f  rou^i pipes are shewn in  tab le  II :
* /d a * 100,000 R * 125,000 and over
1 0*50 0.50
2 0 * 3 0 0 * o 0
4 0*24 0,23
G 0 . 2 3 0.13
10 0 .22 0 .20
Table I I *
Experiments ind icated  th a t kg had a minimum value  
fo r  the r a t io  r/j) between 7 and 8* This conclusion  should be
u t i l i s e d  fo r  d esign  purposes# According to  King and d ia le r  (98)
lo s s e s  in  45° bends are u su a lly  about 50$ le s s  than in 90° 
bends* In 180° bends they are about 25$ greater#
Value o f fo r  lo s s  due to  gate va lves*
Corpand Ruble (76) ,  in  a a er ies  o f very complete 
experim ents, determined the values o f fa c to r  fo r  various 
heights o f  opening o f gate va lves w ith  nominal diameters 
from 4 to  12 In s# Their figu re  fo r  are shown in  
tab le  I l l s
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Nominal 
d i a .  of
Ratio <>f heigb.1t o f  va lve  opening to  diameter 
f u l l  valve oneninv-
valve In
Ins .
i X« & ...... • s ---8...4 1
1 SJ 
1
2 
4 
6 
8
12
4 50 
255 
140 
91
75
66
53
61
52
20
16
14
13
12
QO
9
6*5 
5*5 
■ 5.3  
5*2 
5 .1
11
4 .2
3 .0  
2 .6
2 .4
2 .3
o o ■ ^
P o 
0 .9  
0*33 
0.55  
0.49  
0.46  
0 .1 1
0 .80  
0*25 
0 .15  
0 tX4 
0.12  
0.10  
0 .0 7
Table I I I .
It cen be seen  from the above ta b le  that gate valv©3, 
when f u l l y  open, o f fe r  bat l i t t l e  re s ista n ce  to  the flow in  
the <2r iv e  pipe* On the other hand, the same in v estig a to rs  
estab lish ed  that globe va lves o f fe r  from 15 to  40 times the 
re s is ta n ce  o f  gate valves o f  the same s i z e *  This r a t io  i s  
grea ter  w ith the increase in  the s i z e  o f valves*
Value of kfl for I033 duo to  impulse valve*
llo inform ation i s  a v a ila b le  regarding th is  
c o e f f ic ie n t  and I t s  va lue can be determined only by experiments * 
I t  i s  c e r ta in  that kg w i l l  depend on the length of stroke of  
the Impulse valve i . e .  th© sh orter the stroke the greater w i l l  
be the value o f kg tending to  in f in i t y  fo r  a valve f u l l y  closed*  
I t  therefore fo llow s that the value of the fa c to r  
may be a ffected  very considerab ly  by the 
adjustment o f the impulse valve s tr o k e . This fa c t  w i l l  be 
f u l ly  d iscu s3ed in Part I I ,  but as an example I t  may be 
mentioned that a f te r  removing the impulse va lve from h is
-  25 -
experim ental apparatus, the w r iter  obtained (1 +Xk^4f|j;) * 2 7 .1 .  
With the length  o f  the impulse va lve stroke adjusted at 
1/1611, (1 -hlLk+lfj)) became 8 7 .9 . These r e su lts  show th a t  
the v e lo c ity  o f steady flow at the end o f the drive pipe  
is  on ly  a sm all fr a c t io n  o f  the Id ea l v e lo c ity  expected  
from the formula fo r  f r ic t io n le s s  flow  v * \fsgIU Some o f  
the e a r ly  w riters on th e hydraulic ram neglected  lo s s e s  o f  
head and consequently obtained absurd r e s u lt s .
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IV. OT5TRAJDY FLOvv Ifl gflB DRIVE PIPS#
A very important phenomenon occurs in  the drive pipe 
o f the hydraulic ram immediately a fte r  the impulse valve opens* 
The pipe i s  f u l l  o f  water under the head H, and as the lower end 
of the drive pipe is  suddenly opened, i t  i s  important to fo re­
t e l l  the subsequent behaviour o f  the water in  the drive pipe*
In gen era l, abrupt opening o f  the impulse valve generates  
an acoustic  wave o f magnitude H which Is superimposed on the  
flow  cond itions given by the equations under d iscu ssion*
A fter the sudden opening o f  the impulse v a lv e , water 
in  the drive pipe i s  under the In fluence o f  forces which are 
not In equilibrium  and the water w i l l  be accelerated* A lso, 
the retarding fo r c e s , which are functions o f  v e lo c ity ,  w i l l  
vary w ith time*
The mathematical exp ression  o f  the equation of motion 
i s  as fo llo w s:
H -  /H - lL k  4- 4 j g L d v  ( IV.  1 . )< D)2g * * UV.X.J
The above equation can be e a s i ly  so lv ed , provided that the
A T
fa c to r  ( l+ ^ \<  4 -4 ^ )  i s  co n sta n t. This is  not the ca se , 
as I t  has been shown in  the previous se o tio n  th a t th is  fa c to r  
is  the fu n ction  o f  the Reynolds number, which, in  the present 
problem o f a flow sta r tin g  from r e 3 t, v a r ies from zero to  a 
cer ta in  term inal value (In the reg ion  o f 2 0 0 ,0 0 0 ).
However, considering th at the period o f a cce le ra tio n
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13 very short ( le s s  them a second) and th a t I t  Is very
d i f f i c u l t ,  i f  not im possib le, to  determine the v a r ia b il i t y
f  ho f  the fa c to r  i l  “p*) w ith Reynolds number, I t  has
been assumed in a l l  e x is t in g  th eo ries  that the above fa c to r  
i s  constant and equal to  th a t corresponding to  the v e lo c ity  
of steady flow* The value o f (H -H \c  + 4 ~ )  d etem lned  underi/
the con d itions o f  steady flow , w i l l  be sm aller than the  
average value during the a c c e le r a t io n , but the error involved , 
e s p e c ia lly  in  the case o f rough p ip e s , i s  not great*
Moreover, the method d iscussed  s im p lif ie s  g r e a tly  the re su ltin g  
formulae* For stead y  flow under the head H, dv/d t S 0
and 2
H = [ n 5 k  + - £ - § | l g  -  -   (IV .2 )
where v0 * v e lo c ity  o f  stead y  flow*
This can be e a s i ly  determined by experiment and the q u a n t ity
( i+ Z k + T T )  = f f 2  ma*
be in serted  In equation  (r / . l ) ,  g iv in g
H .  s a l  .   ( r vV2 Sg * g d t   ----------------------------  (IV .5 )O
2 "
U l(v0 )
Separating the variab les
L ,
-  £  / *nr a  \g d t    (IY#4)
[ x ■ j
end In tegratin g  we f in a l ly  ob ta in
t  t a *  -  X i  0 X .........................................................(IV .5)
For the cond itions o f th is  problem the value o f  
a constant Is' zero (v m 0 when t  * 0)*
Inverting equation  (IV .5 ) i t  is  p o ss ib le  t o  express 
v e lo c ity  as a -fu n ction  o f time or
v * v_ tanh t  -  -  -  (IV .6)O IjVO
In other words , the law by which the water gathers 
speed in  the drive p ip e , Is  the law o f  hyperbolic tangent,  
the curve o f which i3 shown in f i g .4* I t  can be thus seen that 
given  a v e lo c ity  o f  steady flow v0 , any v e lo c ity  v , during 
ac co le  rat ion  can be found# The law (IV .6) was confirmed 
experim entally  by Harz a (6 0 ) .
In order to  fin d  the law o f a cce lera tio n  o f a water 
column, we d if fe r e n t ia te  the equation (IV .6) and obtain
f |  = ^  { l -    ( W . 7 )
Tliis r e su lt  i s  most im portant. I t  shows, th a t fo r  
short values o f  t ,  the second tern  in  brackets o f the right-hand  
s id e  o f equation (IV .7) may be Ignored, and approximate value 
of a cce lera tio n  w i l l  be
r  &  -   --------------- --------------------- ---------- ----------------- ( W . 3 )
In other words, at the beginning o f the flo w , the 
water in  the drive pipe has a constant a cce le ra tio n , independent 
o f f r ic t io n .  In f i g .4 the broken l in e ,  tangent to  the curve 
at the o r ig in  corresponds to  the equation
2 9
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V S ^St -  -  -  - -------------- ------------------------------------------------------------ (IV .9)
which would represent the v e lo c ity  at any tim e, were i t  not for
the f r ic t io n a l  re s is ta n ces  in  the drive p ip e .
I f  the c r o ss -se c t io n  of the d rive pipe is  denoted hy
A, the volume o f  water discharged during the unsteady flow
o f water can he e a s i ly  computed, fo r
dQ — A * v * dt —
' » A Vo tanfo * dt Lv0
In teg ra tin g , we obtain
Q = -A Vg|  -  log e coah IjPj-tr         ( 17. 10)
I f  i t  i s  d esired  to  express Q In terms o f v e lo c ity  v 
in stead  o f  time t ,  w© may put
«  « a v a t  * £ g a r ! • ------
1 * 1*0 )
2
m -A -VjQ— _ v dv 
s H
By in teg ra tio n  we obtain
Q S -"llr  1o8 e ------....................................................................(IV.11)
B vg -  V2
The h is t o r ic a l  development o f the above theory is  discussed  
in  s e c t io n  X I,
iJETB m iffi& IC ff OF T m  FORMULA FOR  EFFICISKCY.
The problem o f  e f f ic ie n c y  o f  the hydraulic ram was
a su b ject c f  considerable controversy and not le s s  than three  
formulae have been proposed* Moreover, as a r e su lt  o f the  
confused s ta te  o f  the data on hydraulic rams, c r ed it  fo r  
authorship o f these formulae i s  u su a lly  given  to  persons who 
studied  the m atter at much la te r  tim es than the o r ig in a l  
contributors*  The three fonnulae, the correctness of which 
ha3 long been in  d ispute ares
q •  q u an tity  o f  water pumped from the supply to  the
d e liv e r y  tank,
Q s qugjitity  o f  w ater escaped through the impulse v a lv e ,
E s  e le v a tio n  o f water le v e l  in  supply tank above the
le v e l  o f the impulse v a lv e , 
h s  e le v a tio n  of water in  the d elivery  tank above the
le v e l  o f water in  the supply tank*
The above three formulae are erroneously  referred  to  
as Rarikine^, df Aibuisson *s and Wedickafs r e sp e c t iv e ly .
(V .l)
(V.3)
(V*2)
where
As q is  u su a lly  a sm all fr a c t io n  of Q, and II a sm all 
fractlsacfh , th© valu©3 o f  e f f ic ie n c y  ca lcu la ted  by the three  
formulae do not vary very con sid erab ly , although
.............................................<m )
With regard to the f ir s t - tw o  items o f the in eq u a lity  
(V*4) the p o s it io n  is  q u ite  c le a r :  the numerators are the
same, w h ils t  (Q-^q) H i s  always g rea ter  than Q H*
The proof o f  *3 a3 fo llo w s:
q J S .ilU , .  q (QH -  oh l
(Q jq ) H  * P  W t q T
As Q H i s  always g rea ter  than q h i t  fo llo w s that 
Eg i s  always grea ter  than F^*
The e a r l ie s t  formula is  th a t ( V * ) which was used  
in  1798 by the Kev* Bossut (4) in  h is  experiments w ith  
M ontgolfier*s hydraulic ram* Wodicka (54) recommended i t  again  
in  1905 and today the formula bears h is  name*
Formula© (V .l)  and (7*2) were f i r s t  considered by  
E ytelw ein (5 ) in  1805* N everth eless, they are known as 
Rsnkinefs (about 1872) and d'Aubulsson’a (about 1840) 
resp ectiv e ly *  In c id e n ta lly , the present w riter  consulted  
d* Aubuisson13 text-books (10) (15) and fa i le d  to  find  any 
Information supporting the view that d*Aubuisson has ever 
suggested formula (V*2)* On the contrary, d f Aubuisson*a ccmnsnta
on the e f f ic ie n c y  o f the hydraulic ram are has ad on formula
( V . l ) .
%
Eytelw ein (5) in  hi3 elaborate experim ental a tudy o f  
the hydraulic ram, ca lcu la ted  the e f f ic ie n c ie s  given by the  
three formulae fo r  the fo llow in g  experim ental data: Q * 0*90
cu*f t ,  q * 0*478 c u .f t*  H * 117 in3j h * 189 in a . I t  should  
be noted , th a t the example i s  cho3en fo r  very high ra tio  of 
c/ q and very low r a t io  o f  V h.  S u b stitu tin g  the above
experim ental data in to  three form ulae, Eytelwein obtained the
fo llow in g  r e s u lt s :
%  • a f * i -37
•»■ * * ° - w
Hi s  ”  5 0 *841 Q H
The r e su lt  given by “W odicka^11 fonm ila is  greater  
than 1 and th is  seems^ to  be a s u f f ic ie n t  proof of i t s  
ir r a t io n a l orig in*  Kytelwein f in a l ly  se le c te d  the foimula 
(V*l) and used i t  throughout h is  in v estig a tio n *
The problem now i s  to  decide which o f these formulae 
fo r  the e f f ic ie n c y  o f the hydraulic ram is  correct* To answer 
t h is  we must agree f i r s t  what we understand by e ff ic ie n c y *  
P rofessor 9# Mead (8 6 ), o f  the U n iv ers ity  o f W isconsin, g ives  
the fo llow in g  d e f in it io n  which w e ll  d escribes the commonly 
accepted idea o f e f f ic ie n c y :  " E ffic ien cy  i s  the r a t io  o f  the
a ctu a l energy d elivered  by any combination o f machinery, machine 
or part o f machine, to  the energy supplied  th e r e to #"
Hydraulic motors and pumps are u su a lly  continuous in  
th e ir  a c tio n , and trea tin g  the hydraulic ram as a machine 
worliing continuously  v/e v/ould arrive a t . nd f AibuissorJa" 
formula because (Q -4-q) 11 v;ould be the amount o f energy supplied  
to  the machine and q (II4-h) the energy d elivered  by i t #  This 
reasoning i s  erroneous in  case o f the hydraulic ram because 
i t s  a c tio n  i s  in term itten t not continuous#
To arrive at the correct answer l e t  us fo llow  the  
ram in  I t s  operation# The impulse valve opens and water 
escapes u n t i l  a ce r ta in  v e lo c ity  v is  acquired* During th is  
time an amount o f  w ater Q has been discharged and consequently  
the energy u t i l i s e d  fo r  power i s  QH* S e z t , we have to  decide  
again st what e le v a tio n  i s  the quantity  q pumped# With the 
closu re o f  the impulse va lve the hydraulic ram changes i t s  
nature in s ta n t ly  from the prime mover to  the pumping engine#
The forces tending to  pump water are those due to the supply  
head H and pressure head hft due to  the water hammer#
D esistin g  th ese forces are those due to  the head(ll^h^plus 
the f r ic t io n a l  re s is ta n ce  o f  the drive p ip e , d e liv ery  va lve  
and d e liv e r y  pipe# In other words, there is  an equation
H *faa s  H + h * f r i c t i o n ----------------   (V#5)
The head H can cels and the pressure head ha duo to  the water
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hammer la balanced against the head h and f r ic t io n .
Ignoring f r ic t io n  a t th is  s ta g e , we must conclude that the 
net energy d elivered  by the machine i s  q h and the e f f ic ie n c y  
o f the ram is  ——  as given by B ytelw eln .
P rofessor Gibson (78) g iv es the fo llow in g  sources o f  
lo s s  decreasing the e f f ic ie n c y  o f the ram:
(1) Leakage at the impulse v a lv e ,
(2 )  R esistance o f valves and o f  the drive p ipe,
(3) Bddy production due to  the sudden change o f s e c t io n ,
(4) Loss o f r e s i l i e n t  energy#
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IV, RAMS OF PRACTICAL APPLICATION,
I f  s im p lic ity  were the on ly  fa c to r  in volved , hydraulic 
rama would be in  u n iv ersa l use fo r , from the con stru ction a l 
point o f  v iew , th ey  are the sim plest known automatic pumping 
u n its  •
But u n fortu n ately , th e ir  a p p lica tio n  is  r e s tr ic te d  
by c e r ta in  m ateria l topographical fe a tu r e s . In order to  make 
use o f a hydraulic ram, two primary conditions are required  
i , e ,  a steady and s u f f ic ie n t  supply o f  water and a f a l l  In the  
contour o f the land so  that the necessary driving power 
may be obtained and the ©scaping water can be promptly disposed  
o f .
The s iz e  o f the hydraulic ram is  u su a lly  denoted 
by the diameter o f the drive p ip e , which depends upon the 
a v a ila b le  q uan tity  o f  w a ter . The range o f s iz e s  In general 
use i s  as fo llo w ss f ” ,  1", l | ”, 2 ”, 2-|”, 3”, 3§”, 4”,  4 i \
5”, 611, 8”, 10” and 12” , Hydraulic ram manufacturers in  
t h is  country p refer lower diameters o f drive p ip e , g en era lly  
not exceeding 6” • Larger in s ta lla t io n s  up to  12” diameter 
can be found in  the U,S*A, I t  may be observed that there is  
no reason why 12” should co n st itu te  a lim it  fo r  the diameter 
of the drive p ip e i Grandemange (89) suggested concrete drive  
pipes w ith diameters o f a few f e e t ,
The minimum flow  o f water with which a sm all ram
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( f n- l w d la .)  w i l l  operate ia  approximately 3 ga llon s per 
m inute. For rams o f 12” diameter a maximum o f 350 ga llo n s  
per minute 13 common p r a c t ic e . Hama designed fo r  dealing  
with very large su p p lies o f  water have been made to use 700 
g a llo n s per m inute. In cases o f  high supply heads, the 
fig u re  may become as much as 1000 ga llon s per m inute. I t  
should be remembered, however, that when used in  b a t te r ie s ,  
hydraulic rams may u t i l i z e  any amount o f w ater.
Figure 5 is  based on sev era l catalogues and shows 
approximate lim its  o f flow  o f water required to  operate 
commercial rams. The upper p r a c t ic a l curve fo llow s the formula 
Q s  4 . 8 5 1 9 w h ils t  the lower p r a c t ic a l curve corresponds to  
Q * 2 .5D^, where Q is  the number o f ga llon s per minute and D 
diameter o f  the drive pipe in  in ch es . The upper p ra c tic a l  
curve i s  eq u iva len t to  a continuous discharge w ith  a mean 
v e lo c ity  o f  2 .38  f t . / s e c .  The lower p r a c t ic a l curve i s  
equ ivalent to  a continuous d ischarge w ith a mean v e lo c ity  o f  
1.22 f t . / s e c .  Both r e su lts  in d ica te  that a hydraulic ram is  
a machine operating under low v e lo c ity  o f  water and conform 
w ith  the con clu sion  reached at the end o f S ection  I I I .
As the actu a l v e lo c ity  in  the drive pipe is  not stead y  but 
varying according to  the law o f a hyperbolic tangent, i t s  
p o ss ib le  maximum value i s  o f  course much higher than 2 .38  f t . / s e c .
I t  i s  g en era lly  d esirab le  that the minimum d ifferen ce
3I! : 12
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JK
H i
-  39
in  le v e ls  o f  the supply tank and the impulse va lve should be 
some three f e e t ,  although where drive p ipes o f  larger  
diameters (say  6” ) are employed, the d ifferen ce  m aybe as 
l i t t l e  as two f e e t .  These lim its  are not r ig id  as cases are 
known where hydraulic rams have been operated w ith  a head o f  
only one inch (3 5 ) . 'The maximum supply head is  th e o r e t ic a lly  
unlim ited  but in  actu a l p ra ctice  seldom exceeds 30 f t*  
Ringelmann (59) examined tec h n ica l data regarding 993 
in s ta lla t io n s  and found th at the supply heads most u t i l i s e d  
were those between 3 and 6 f t ,  next between 6 and 12 f t*  and 
the la s t  between 12 and 30 f t*  Prof* Mead (86) has designed  
and su c c e s s fu lly  operated an experim ental ram under a supply  
head o f 100 f t#
The d e liv e r y  head is  a lso  su bject to  some lim ita t io n s .  
I f  the d e liv e r y  head is  very low, the hydraulic ram w i l l  not 
operate s a t i s f a c t o r i ly ,  because the re su ltin g  r e c o i l  i s  
inadequate to  open the impulse valve* The minimum d e liv ery  
head i s  approximately tw ice the supply head and fo r  th is  
reason, under most favourable co n d itio n s , the ram cannot 
d e liv e r  more than h a lf  the water flow ing through the drive  
pipe* An in s u f f ic ie n t  d e liv e r y  head can be increased by 
th r o tt lin g  the valve co n tro llin g  the d elivery  pipe*
The maximum d e liv ery  head depends p r in c ip a lly  upon 
the v e lo c ity  o f  the water at the moment o f  impulse valve  
closure* Since an instantaneous reduction o f  1 f t . / s e c *  of
-  40
v e lo c it y  o f  water produces th e o r e t ic a lly  the pressure head 
o f 146 ft* $  i t  can be seen  that a hydraulic ram may pump 
water against a very considerable head* According *to 
Cleverdon (9 3 ) , standard American rams- are guaranteed to  
pump aga in st a head o f 250 f t*  Hams s p e c ia l ly  designed may 
pump against a head w ith in  the lim it3  o f 600-1000 f t .  These 
rams are constructed  h ea v ily  and o f great strength  in  order 
to  r e s is t  the severe water-hammer. Cleverdon (93) points 
out th a t a d e liv e r y  head equal to  50 tim es the ava ilab le  
supply head i s  a s a t is fa c to r y  maximum fo r  most rams.
The h o r izo n ta l d istan ce  to  which the water can be 
forced should be expressed in  terns o f a d d itio n a l head o f  
water add9d to the s t a t ic  d e liv e r y  head required . I t  may be 
o f in te r e s t  to  note that numerous hydraulic rams work w ith  
d e liv ery  p ipes up to  4 m iles lon g .
The c h ie f ,  and perhaps the on ly  disadvantage o f the 
hydraulic ram in s t a l la t io n ,  is  a cer ta in  amount o f n o is e .  
In ser tio n  o f a p iece  o f  rubber tube between the ram and the  
d e liv e ry  pipe is  claim ed by K irchoffer (69) to  m itig a te  th is  
nuisance*
The requirements fo r  operating hydraulic ram3 make 
them e s p e c ia lly  adaptable to  ensure a continuous supply o f  
w ater fo r:
(a) ru ra l communities, such as farms, country houses, h o te ls  
and f a c to r ie s ,
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(b) ir r ig a t io n  schemes ( e s p e c ia lly  in  tr o p ic a l c o lo n isa tio n ) ,
(c ) iso la te d  locom otive water tow ers,
(d) v i l la g e s  and sm all towns.
The great m ajority  o f  e x is t in g  in s ta lla t io n s  are 
adapted to  sm all water s u p p lie s . However, in  r e la t iv e ly  few 
in sta n ces , hydraulic rams have been su c c e ss fu lly  used in  
p lants o f  la rg er  ca p a c ity . To g ive s p e c if ic  examples we can 
mention tw o.
The Maple Leaf (72) pumping s ta t io n  fo r  the C ity  
o f B e a tt ie , U .S .A . c o n s is ts  o f two 12 in s .  d ia . hydraulic rams 
end has a range o f ca p a c ity  o f  water pumped from 720,000 to  
1 ,300 ,000  g a llo n s per day. The p lant cap acity  Is s u ff ic ie n t  
fo r  a population  o f some 28,000 and provides ample f i r e  
p ro tec tio n  fo r  the 790 acres Involved .
Vi/hat i s  probably the la rg est In s ta lla t io n  o f the 
kind in  ex is te n c e  c o n s is ts  o f four 12 in s .  d ia .  rams (73) 
supplying water to the town o f  Agua de D ios, Colombia. These 
ram3 operate under a supply head o f  12 f t .  and d e liv e r  water to  
a head o f 250 f t .  through a discharge pipe 18,000 f t .  lon g .
To i l lu s t r a t e  as f u l l y  as p o ssib le  the range of 
p r a c t ic a l a p p lica tio n  o f ordinary hydraulic rams, the ta b le  
XV has been computed, g iv in g  p articu lars o f some 17 
in s t a l la t io n s ,  with diameters o f drive p ipes varying from 
f" to  12“ .  In th is  ta b le  the fo llow in g  data are g iven:
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D
Ins.
L
Ft.
H
Ft,
'4
G.P.M.
a
G.P.M.
d
Ins.
1
Ft.
h
Ft.
L
1
d
D
Z
E Ji0,
h
1 m
0.75 160 5.61 0.60 0.066 0.50 1386 40.4 2560 0.67 28.5 .110 7.19 0.791
1.0 60 12.0 2#65 0.35 0.50 2100 68.0 720 0.50 5.00 .132 5.66 0.746
2.0 80 8.0 5.28 0.669 0.75 .750 58.0 480 0.38 10.00 .126 7.25 0.915
3.0 100 14.5 28.12 6.0 1.25 510 56.8 400 0.42 4.90 .213 3. 92 0.835
3.0 90 7.5 21.70 1.73 1.00 2070 73.0 360 0.35 12.32 .079 10.00 0.790
3*0 28 6.0 31.50 3.5 1.50 1008 24,0 112 0. 50 7.00 ,111 6,00 0.668
4.0 72 13.0 38.40 1.50 1.62 mm 358.0 216 0.40 5.54 ,034 19.85 0.675
4.0 90 2.3 20.37 1.33 1.00 201 29.7 270 0.25 39.2 ,045 L2.9 0.839
4.0 300 60.0 55.00 4.00 1.25 440.0 900 0.31 5.00 ,072 7.34 0.530
4.5 40 5.0 92.0 8.0 m 325 40.0 107 - 8.00 .087 8.0 0.695
5.0 27 7.0 59.64 14.02 2.50 300 16.2 65 ).50 3.86 P ' f R  ,  A w 2.31 0.543
6.0 60 12.0 L49.5 50.5 2.50 945 24.4 120 ). 42 5.00 ,338 2.03 0.686
6.0 192.5 37.6 308.0 47.0 mm 1785 L06.5 383 - 5.12 ,226 2.83 0.640
12.0 165 50.0 L000 450 6.00 .6000 90.0 165 >.50 3.30 ,400 1.80 0.720
12.0 200 6.0 630 14.0 5.00 mm- 90.0 200 0.42 33.33 ,022 L5.00 0.330
12.0 200 5.5 650 28.0 5.00 .5000 50.0 200 >.42 36.4 ,043 9.1 0.392
12.0 40 37.0 580 230 5.00 - 84.0 40 >.50 1.02 ,397 2.27 0.900
T.4BLE IV.
•m  <d*3 **
the d im e te r s  o f  drive (D) end o f d e liv e ry  (d) p ip es, the 
heads o f supply (I!) and of d e liv e ry  (h ) , the lengths o f drive  
(L) and o f  d e liv e ry  (1) pixies and the q u a n titie s  o f r a te r  
re sted  (Q) and d elivered  (q )*
Some gen eral conclusions can be deduced from tab le  
IV* The mean value o f the r a t io  V d , i . e .  length  o f drive  
pipe over i t s  diam eter, i s  430, and in d ica tes that the drive  
pipe f a l l s  w ith in  the category o f  "short? p ip e s . A pipe is  
regarded as "short" when i t s  . length  i s  le s s  than 5 0 0 'times the 
diameter* The mean value of the r a t io  */lI i . e .  length o f  
di’ive  pipe over the supply head is  1 2 ,6 .  There is  a tendency 
to make the diameter of d e liv ery  pipe equal to  h a lf  of the 
diameter o f the drive pipe* The mean e f f ic ie n c y  is  0 .678 , 
which should be considered as qu ite s a t is fa c to r y  e s p e c ia lly  
bearing in  mind th at a hydraulic ram is  a combination o f a 
prime mover and a pump• As a prime mover, a hydraulic ram 
may develop power up to  15 H.P* where a drive pipe o f 12 In s . 
dia* is  used*
With regard to the economic aspects o f  the hydraulic  
ram the fo llow in g  fa c ts  can be observed;
a) The i n i t i a l  co st o f  the machine i s  low . To i l lu s t r a te  
th is  p o in t , some data based on G il le t t e  end Dana (71) and 
re ferr in g  to  American s in g le -a c tin g  rams are shown in  
ta b le  V.
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Size
pipe
o f  drive  
in  in s*
Gallons per min*
required to  
operate ram.
Weight in  lb s# Price in  £•
i-i
2o.i
3
4 
6 
8
12
6-12
8-13
12-28
2CW40
50-75
75-150
150-500
575-700
175
225
250
275
600
1200
2200
3000
9 .7
10.5
11.5
13.0  
26.4
48 .0
85 .6  
lo2  *0
TABIB V,
P rices quoted by B r itish  manufacturers are between 
50% to  100$ h igher than corresponding American. Although there  
are considerable d iscrep ancies in  p rices o f  hydraulic rams 
on account o f  va r ia tio n s in  design  and q u a lity , there i s  no 
doubt that the i n i t i a l  ou tlay  should be considered as low .
b) I ts  d u r a b ility  and dependab ility  are very s a t is fa c to r y .  
Anderson (74) reports a case o f  a ram which had been at work 
fo r  over 100 y ea r s . In another case the valves had not been  
inspected  fo r  27 years* Consequently the co s t  o f maintenance
is  n e g l ig ib le .
c )  Eo a tte n tio n  other than p er io d ic a l in sp ection  is  
required •
d) There are no parts whatever which require lu b r ica tio n .
e ) As the machine works 24 hour3 per day a com paratively  
sm all d e liv e r y  tank i s  required .
45
vix. g en era l otebdb m  p ast ■dsvelopmsitt.
Development o f the hydraulic ram from I ts  invention  ' 
up to  date fo llow ed  two main l in e s ,  i .e #  improvements in  
m echanical design and research in to  the p r in c ip le s  of i t s  action*  
improvements in  the m echanical design  resu lted  in  
ra is in g  the e f f ic ie n c y  o f  the machine very considerably* The 
e f f ic ie n c y  o f the f i r s t  hydraulic ram was o f the order o f 45$, 
w hile  fo r  s im ila r  cond itions o f operation  w e ll designed modern 
rams may double th a t figu re*  To i l lu s t r a t e  the exten t o f  the 
work already done in  th is  d ir e c t io n , i t  may bo o f in te r e s t  to  
note th a t so  fa r  sev era l hundred patents have been issued  a l l  
over the world# In the fo llow in g  d iscu ss io n  the su bject o f  
development in  m echanical design  is  treated  in  two separate  
s e c t io n s , one re ferr in g  to  the ordinary hydraulic ran and the  
other to  i t s  le s s  known v a r ia t io n s . Both sectio n s  are 
i l lu s tr a te d  by s p e c if ic  exam ples.
A survey o f past research In v estig a tio n s aiming at 
,the exp lanation  o f the behaviour o f the hydraulic ram can be 
c la s s i f ie d  under three headings, grouping d iffe r e n t  methods 
o f a tta c k , namely empirical, th e o r e t ic a l and s c i e n t i f i c .
The em pirica l method, based on experim ental t e s t s  
but not corre la ted  w ith  theory, resu lted  in  numerous ru les o f  
thumb, which w i l l  be d iscu ssed  in some d e t a i l  In order to  
elim in ate  them from te c h n ic a l l ite r a tu r e *  The action  o f a
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hydraulic ram depends upon so many v a r ia b le s , th a t an 
experiment uncontrolled  by theory  is  most u n lik e ly  to  produce 
any con clu sive r e su lts*  Ihe fo llov /irg  statem ent o f Richards 
(4 9 ) , designer o f sev era l types o f 'hydraulic rams, provides a 
good i l lu s t r a t io n  o f the above p o in t: "I have had under almost
d a ily  observance fo r  the past f iv e  year3, a sm all ifcnerican 
hydraulic ram, supplied from and d ischarging in to  tanks, so  
■that the op eration , tinder a l l  p o ss ib le  adjustments, and i t s  
e f f ic ie n c y , were co n tin u a lly  apparent, and I  must confess th a t, 
a fte r  hundreds o f  a lter a tio n s  and adjustm ents, the only clu e  
to the e f f ic ie n c y  c f  performance is  by s ig h t and sound#M
The th e o r e t ic a l treatment o f the phenomena occurring 
in  the hydraulic ram resembles in  3ome respects methods applied  
in  thermodynamics o f  recip rocating  h eat engines# In 
considering the performance of thermal engines i t  i s  in  general 
found most convenient to  take the pressure and the volume as 
the independent variab les and present them in  a diagrammatic 
fora  g en era lly  known as an ” in d ica tor  diagram•" In  considering  
the performance o f the hydraulic ram, the problem i s  attacked  
by attem pting to  a scerta in  the rate o f change o f the variab le  
v e lo c ity  o f the column of water .during each period o f the  
working cyc le*  From th is  re la tionsh ip  the q u a n titie s  o f water 
escaping and d elivered  during each cy c le  may be found and 
a lso  the duration o f the la t t e r  determined* Heedless to say , 
the so lu t io n  o f the problem by th e o r e t ic a l  methods alone i s
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im p ossib le , 03 numerous constants r e la t in g  to  the p a rticu la r  
type o f ram can be found only by experim ent. N everth e less , 
about a dozen attempts in  th is  d ir e c t io n  were made in  the past 
and the causes o f th e ir  fa ilu r e  are d iscussed  in  s e c t io n  XI.
The only correct method, a s c ie n t i f i c  method, based on 
mathematical theory and v e r if ie d  by experim ents, is  o f  
com paratively recent o r ig in  in  the case c f  the hydraulic ram, 
the f i r s t  theory of some accuracy being published in  1935 (8 7 ). 
The lim ita tio n s  o f e x is t in g  s c ie n t i f i c  research upon the 
hydraulic ram are d iscussed  in  se c t io n  X II.
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VIII* SURVEY OF hU TABLE DESIGNS OF THE ORDINARY ilYDRADLIG R jj«
The d iscovery  o f  the underlying p r in c ip le  o f  the 
hydraulic ram and i t s  f i r s t  p r a c t ic a l a p p lica tio n  are due to  
John W hitehurst, F .R .S ., o f Derby, who b u ilt  h is  apparatus 
about 1772 *
W hitehurst (1) found th a t a long h orizonta l p ip e , 
carrying w ater to  a workshop in  a basement, was freq u en tly  
burst by the sudden c lo s in g  o f the water tap , and to  remedy 
th is  he added an a ir  v e s s e l .  A fter a t in e ,  that a lso  burst 
end i t  occurred to  W hitehurst th a t advantage might be taken  
o f th is  phenomenon. The Idea struck  him o f  in ser tin g  a d e liv ery  
pipe leading to  a tank at the top o f  the b u ild ing  and, in  
consequence o f  the frequent in terrup tion  o f the flow  o f water 
from the tap In the basement, an abundant supply to the 
higher c is te r n  wa3 obtained*
Whitehurst erected  h is apparatus a t Oulton, Cheshire, 
fo r  use at the lo c a l  brewery* His machine shown In fig *  S 
con sisted  o f  an in c lin ed  pipe A, GOO f t*  long and o f i j 11 
diam eter, connecting a supply tank fJ? w ith  an a ir  chamber D 
con tro lled  by a check valve C. A pipe B was branched from 
the main near it3  lower end and f i t t e d  w ith a hand operated  
tap E, located  16 f t*  below the le v e l  o f  water In the supply  
tank . A ch ild  was employed to  operate the tap E and w ith  
each c losu re  the phenomenon o f a water hammer was caused, 
driving a p ortion  o f the supply v/ater to  the d e liv e ry  tank F*
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FIG.6
WHITEHURST’S HYDRAULIC MACHINE.
JK
FIG. 7
MONTGOLFIER’S FIRST HYDRAULIC RAM.
JK
J
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Although th e W hitehurst apparatus was exceed in g ly  crude, i t  
was n everth eless a c tu a lly  used u n t i l  about 1800. Whitehurst 
c a lle d  public a tte n tio n  to  h is  invention  through a communication 
( 1 ) to  the Royal S o c ie ty  in  1775.
In 1776, Joseph Michael de M ontgolfier, a French paper 
manufacturer and co-Inventor o f the f i r s t  hot a ir  balloon , 
invented a machine actin g  on the same fundamental p r in c ip le , 
but In some resp ects i t  was g r e a tly  improved. W hitehursts  
apparatus required human In tervention  fo r  i t s  operation , w hile  
M ontgolfier1 a in vention  accomplished the same re su lts  
au tom atica lly  and made the machine o f  p r a c t ic a l use*
M ontgolfier a lso  named th e machine " le b e l ie r  hydraulique" 
from which the tern  hydraulic ram” i s  derived and u n iv e rsa lly  
accepted . For example the German term i s  Hhydraullscher Widder11, 
I ta lia n  “a r ie te  id ra u lico 11,  Spanish “a r ie te  h id rau licou •
The inventor obtained a French patent in  co llab ora tion  
w ith  h is  celeb rated  brother Etienne ( 5 ) .  The f i r s t  B r itish  
patent fo r  the hydraulic ram was issued  to  T. Boulton (2) 
who acquired manufacturing r igh ts in  th is  country.
The con stru ction  o f the o r ig in a l M on tgo lfier^  ram 
w i l l  be r e a d ily  understood by reference to  fig u re  7* In th is  
c a s e , the impulse valve i s  opened by the w eight E and the water 
flow s through the va lve apertu re. A fter gain ing a cer ta in  
v e lo c ity  the flow  o f  ivater c lo se s  the valve and develops a 
water hammer which opens the d e liv e ry  valve C, forcin g  a
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portion  o f  the water Into and through the a ir  chamber, and 
by way o f the d e liv e r y  pipe to  the rece iv in g  tank . Aa the  
impulse i s  expended and the pressure becomes n om al, the 
impulse va lve opens again and the operation  i s  repeated.
In 1798, the Rev* Bossut (4) made some experiments 
on M ontgolfier’s ram, and, using the e f f ic ie n c y  formula o f  
the type E •  obtained e f f ic ie n c y  o f the magnitude
o f 0 .4 5 .
Subsequently, M ontgolfier designed sev era l rams o f  
improved ty p e . One o f them, represented in  f i g .  8 ,  d if fe r s  
from th a t ju s t  described p r in c ip a lly  in  having an ad d ition a l 
a ir  chamber, the ob ject o f which Is to  minimise the shocks 
th at accompany the sudden opening end c lo s in g  o f the impulse 
v a lv e . The next improvement c o n s is ts  o f  b e tte r  lo ca tio n  o f  
the impulse va lve which opens by I t s  own w eig h t. Further, to  
supplement the lo s s  o f a ir  absorbed by the water an a ir  valve H 
opening Inward i s  in serted  at the bottom o f the sm aller a ir  
chamber. When the return  flow  takes p lace in  the drive pipe 
and the pressure in  the la t t e r  becomes le s s  than atmospheric, 
th is  va lve opens and admits during each p u lsa tion  a sm all 
q uan tity  o f  a i r .
M ontgolfier’s hydraulic rams were received  very  
favourably by the French Academy o f S c ien ces , who described them 
as Hse  placant au premier rang des inventions u t i le s  dont 
s ’e t a i t  en r ich i la  mecanique depuis douze a n s.”
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FIG. 8
MONTGOLFIER’S IMPROVED HYDRAULIC RAM.
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FIG.9
EASTON’S HYDRAULIC RAM.
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Eubank ( 11) ,  h is to r ia n  o f applied hydrau lics,  
gave th e  fo llo w in g  appreciation  o f M ontgolfier’s invention:
I t  I s ,  compared to  W hitehurst’s ,  what the 3team engine 
o f  Watt i s  to  that o f  Savory o f  Hewcomen* The device by which 
M ontgolfier made th e  ram s e lf - a c t in g ,  i s  one o f the neatest 
imaginable* I t  i s  unique: there never was anything lik e  i t  in
p r a c t ic a l h y d ra u lics, or in  the whole range o f a r ts;  and i t s  
s im p lic ity  i s  equal to  I ts  n ovelty  and u se fu l e f fe c ts *  Perhaps 
I t  may be sa id  that he only added a va lve to W hitehurst1 s 
machine: be i t  so -  but that sim ple valve In sta n tly  changed,
as by m agic, the whole character o f  the apparatus. The name 
o f  M ontgolfier w i l l  ju s t ly  be assoc ia ted  w ith  th is  admirable 
machine in future a g e s*"
A fter M ontgolfier’s death, h is  son continued the 
development o f the hydraulic ram and in  1316 obtained a B r itish  
patent (7) fo r  improvements extending the a p p lica tio n  o f  the  
machine fo r  the purposes o f pumping water by su ctio n  and 
compressing a ir#  These improvements w i l l  be d iscussed  in  the 
next sectio n *
The ea r ly  manufacture o f rams in  th is  country was 
In it ia te d  in  1822 by James Easton, o f London, who introduced  
various a lter a tio n s  to  M ontgolfier’s ram* In Easton’ s design  
shown in  f i g .9  the length  o f stroke o f the impulse va lve can 
be adjusted by washers and the d e liv e ry  valve is  interchangeable*  
In h is  trade c ir c u la r  reprinted by Dickinson (9 5 ), Easton
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claimed th a t h is  ram can ra ise  water 200 f t *  above the source.
In 1847, M essrs. Douglas o f  th e  U .S#A,, were awarded 
a s i l v e r  medal at the fa ir  held in  Hew York fo r  a ram o f the  
type shown in  f i g .  10 . This ram i s  w e ll  arranged and is  
designed fo r  production a t a low c o s t .  The strobe o f  the 
impulse va lve i s  adjustable by means o f  a screw, which is  an 
improvement upon Ea3tonf s arrangement w ith  w ashers, and the 
connection  fo r  the d e liv ery  pipe is  made at the body o f  the 
ram and not at the a ir  chamber. This ram was very popular in  
/m erica , and although other makers have entered the f i e ld ,  
th e ir  products were g en era lly  on ly  s l ig h t ly  m odified copies 
o f D ouglas*. Masse (55) reports that the average e f f ic ie n c y  
o f Douglas* ram is  0 ,6 5 .
The diameter o f the drive pipe o f ea r ly  hydraulic 
rams seldom exceeded 4 in ch es. In an attempt to  increase the 
ca p a city  o f  the hydratilic ram, a Frenchman Foex took In 1852 
a patent (12) fo r  a ram w ith  a double Impulse v a lv e . Foex*s 
d esign  in  shown In f i g ,1 1 . The impulse va lve has two se a t3 
connected by a tube, the 3pace over the upper sea t forming a 
kind o f  water cu sh ion . The a ctio n  o f the va lve can be 
adjusted by th r o tt lin g  a few sm all ho les in  the cushioning  
space*
D ingier (14) g iv es a few examples o f  the actu a l 
performance o f Foex rams, the la r g e s t  of which had a drive  
pipe o f 12 in s .  d iam eter. This machine working under a
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DOUGLAS’ HYDRAULIC RAM. JK
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FIG. 11
FOEX'S HYDRAULIC RAM. JK
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supply head H » 7m, aga in st a d e liv ery  head h •  50m, vised 
Q s  55 l i t r e s  o f  water per second and d elivered  q * 6 l i t r e s  
per second. In th is  example, the e f f ic ie n c y  E * * 0.47
i s  not very large h u t, compared with M ontgolfier1 s ea r ly  ram, 
i t  i s  good enough to  recommend Foexf3 machine fo r  further  
development,
In 1862, B olieg took a patent (17) fo r  a ram of 
the type shown in  f i g #12 ,  B o lle e 1a improvements co n s is t  
f i r s t  in  a counterbalanced impulse v a lv e , which is  designed so 
as to  3top the escape o f the water before the valve reaches 
i t s  s e a t ,  thus a l le v ia t in g  the shock which takes p la c e ,
The lower part o f the impulse va lve i s  guided in  a sm all 
cy lin d e r , the bottom o f which is  covered w ith  rubber to secure 
the n o ise le s s  f a l l  o f  the v a lv e . The second improvement is  
an a ir  charging device fo r  supplying the a ir  v e s s e l ,  e sp e c ia lly  
when th e  ram i s  flooded  by w ater, This c o n s is ts  o f  a hollow  
column H, the top o f which, containing a ir  in le t  and o u tle t  
v a lv e s , i s  high enough to be out of reach o f f lo o d in g . At 
the moment o f closure o f the impulse v a lv e , the water ascends 
v io le n t ly  the hollow column compressing the a ir  th ere in  
con ta ined . The compressed a ir  i s  then forced to en ter the 
do l iv e r y  va lve a t the moment o f i t s  opening and thereupon i s  
carried  in to  the a ir - v e s s e l ,  Bhen the impulse valve opens, 
the water descends in  the hollow column drawing a ir  from 
w ith ou t.
- 5 7 -
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FIG 13.
FISCHER'S HYDRAULIC RAM
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Bo l i e s  (20) reported that h is ran w ith a drive pipe
o f  7" diam eter, working under the supply head H m 1*5 m.
against the d elivery  head h « 5 .6  m. consumed Q ■ 1500 l i t r e s
per minute and d elivered  q * 500 l i t r e s  per m inute. In th is  
case the e f f ic ie n c y  i s  0 .7 5 .
In 1856, F ischer (25) reported that he was charged 
to  d ev ise  fo r  town waterworks in  Malm5, a hydraulic ram 
which required a drive pipe o f 40 I n s . diam eter. With a view  
to  dim inishing the considerable shock o f the arrested  column 
o f  w ater, F ischer sought to  p lace the impulse valve as c lo se  
as p o ss ib le  to  the d e liv ery  valve and arrived at the con stru ction  
Indicated in  f i g .1 3 . The annular-shaped impulse valve is  
designed as a double sea t valve and is  h o llow , I t  is  guided 
by the d e liv e r y  va lve and e ig h t ribs o f the ram body. The 
se a ts  o f  the impulse valve are formed o f  rubber r in g s . The 
c h a r a c te r is t ic  fea tu re o f th is  design  is  the very large area 
o f  the impulse v a lv e , Ho f u l l  s iz e  Fiacher, s ram has been 
con stru cted , but only a model w ith about 1§U diameter o f  
drive p ip e . In the experiments on t h is  model, the audible  
shocks were very  sm a ll.
The most remarkable period in  the development o f  
the ordinary hydraulic ram is  th a t between the years 1875 and 
1900. The m ajority  o f  rams manufactured to -d ay  were designed  
during those 25 y ea rs, and In the fo llow ing pages a lim ited  
number o f su c c e ss fu l types w i l l  be d iscu ssed . Typical B r itish
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rams o f  th a t period were developed by I le tt , K eith , Anderson, 
Green, Blake and G le n fie ld . C ontinental e f fo r t  is  represented  
by the names o f Durozoi, Schabaver, Baer, Becoeur and 
lJus3bau&iGP, w hile .American achievement can be i l lu s tr a te d  by 
the designs o f Mead, Richards, Goulds and Rife#
In 1877, Eett (24) arrived a fte r  long experience  
at the con stru ction  shown in  f ig *  14 . I le tt ’s rain is  very  
s im ila r  to  Douglas’s machine and is  arranged so as to  g ive  
easy access to  a l l  the working parts* IVhen the a ir  v e s s e l  
i s  removed by unscrewing four n u ts, the l i f t  c f  the d e liv ery  
valve can be e a s i ly  ad ju sted . The connection fo r  the d e liv ery  
pip© Is e x a c tly  the same as in  Douglas’s ram*
In 1895, Keith (26) took a patent fo r  a ram of the 
type shown in  f i g . 14 . In designs described p rev iou sly , the  
impulse va lve i s  com paratively heavy, and In consequence a 
r e la t iv e ly  high head o f supply v/ater Is required to  overcome 
I ts  w eig h t. The object o f K eith’s design  is  to  improve the  
con stru ction  o f a ram so that i t  may be e f f e c t iv e ly  employed 
in  cases where only an extrem ely low head of supply water 
can be obtained . To th is  end the impulse valve is  connected  
to  a counterbalancing weight and even a very low head o f  
water is  s u f f ic ie n t  to  c lo se  the va lve q u ick ly . K eith’s 
conception was not q u ite  new, a3 i t  had already been u t i l iz e d  
by B o lle e . N evertheless K eith13 arrangement i s  considerably  
sim pler than B o lle e 1 s and may be adapted to  any ram.
- 6 0 -
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KEITH'S HYDRAULIC RAM. JK
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B jorling  (45) p o in ts '■ out that one o f Keith*a iimis raised  
water to a h eigh t o f 100 fe e t  w ith a supply head o f 5 f e e t  
6 inches; another ram raised  20,000 to  25,000 ga llons o f water 
por day to  a h eigh t o f  500 f e e t .
ri‘he o r ig in a l Easton ram shown in  f ig  .9  was in  1886 
redesigned by Anderson (51) on the l in e s  demonstrated in  
f i g . 1 6 . ihere i s  a very c lo se  a f f in i t y  between the two d esig n s. 
Anderson*s improvement c o n s is ts  in  a b e tte r  lo c a tio n  o f the 
d e liv e ry  v a lv e , perm itting e a s ie r  machining o f i t s  se a tin g .  
Anderson a lso  attempted to  use cork instead of a ir  for the 
e la s t ic  medium in  the a ir  chamber, and expected in  ahis way 
to so lv e  the d i f f i c u l t y  o f m aintaining the a ir -v e s s e l  charged. 
Ills experiments proved th a t gradually  the cork became water­
logged ceasing to  a ct as required and the idea was abandoned.
Anderson*s rams gave very good r e su lts  in  actu a l 
pi,a c t ic e .  J .R . Easton (7 4 ), a grandson o f the o r ig in a l  
introducer o f the hydraulic ram in to  th is  country, reported on 
some t e s t  3 made upon Anders on *s zams. A 2 inch ram with a 
supply head K •  5 .5  f e e t  gave the fo llow in g  e f f ic ie n c ie s  5
ooHII f t . W e s 18.2 E ■ 53.0%
h ss 140 f t . W e s 25 .0 E ■ 50.6%
h # 180 f t . h/H •  3 2 .8 E b 43.7$$
h  -  230 N» ct . h/H ■ 41.9 E s 55.0$S
h = 320 f t . V h = 58.2 E S 23.4/$
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ANDERSON’S HYDRAULIC RAM. JK
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GREEN’S HYDRAULIC RAM.
JK
«• 63 *■
I t  i s  not sta ted  what type o f e f f ic ie n c y  formula was 
used , but whatever th e form ula, th ese  f ig u r es  in d ica te  a 
com paratively high e f f ic ie n c y  for high r a t io s  o f V h*
In 1898, Green (50) took a patent fo r  a ram with  
a r e s i l i e n t  impulse v a lv e , which i s  shown in  f i g .17* The 
main ob ject of h i s  invention  i s  to  minimise th e  n o ise  made 
by the ic p u lse  v a lv e  when in  action* The impulse v a lv e  i s  
in  th e  form o f  a r in g  o f  rubber, or other su ita b le  r e s i l i e n t  
m ateria l, f ix e d  on th e  outer circumference* The p o sitio n  
o f th e  inner circum ference i s  ad ju stab le by means o f  a 
sp in d le  A* In Green’s impulse va lve  th e  flow o f water through 
th e  rubber r in g  causes i t s  inner fr e e  edge to  r i s e ,  thereby  
c lo s in g  th e  p orts B* The subsequent r e c o i l  of water in  the 
d rive p ipe brings the va lve  back thereby uncovering the p o rts , 
th e  operation  being reg u la r ly  repeated during the working of 
the ram*
In 1938, th e  inventor reported on some experiments 
w ith h is  ram (95) working under a supply head o f  1 f t ,  the 
dimensions o f th e  drive pipe being 2 inches in  diameter and 
12 f t .  long* The d e liv e r y  head h was varied from 13 f t*  to  
300 f t*  and th e  fo llow in g  r e s u lt s  obtained:
h s  13 f t .  q a 50 g a llo n s per day
h •  50 ft* q © 127 n » »
h » 100 ft* q m 50 » it
h s  150 ft* q » 27 * " n
h a 300 ft* q » 0 ” n *
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Another ch a ra c te r is tic  a p p lica tio n  o f  the r e s i l ie n t  
impulse v a lv e  was developed by Blake (46) who patented a 
la rg e  number o f  hydraulic rams* Figure IB shows a sec tio n a l  
e lev a tio n  o f a hydraulic ram f i t t e d  w ith  Blakef s impulse and 
d e liv e r y  valves* The impulse va lve  i s  designed in  the form 
o f a hollow  m etal v e s se l w ith four s id e s  s l ig h t ly  concave and 
perforated  w ith three groups o f holes*  Each group of h o les  i s
covered by a separate rubber or other r e s i l i e n t  b e l t ,  the
p o s it io n  and ten s io n  o f  which i s  ad justab le by means o f a 
sp e c ia l mechanism shown in  fig*18A* B lake1 s d e liv ery  v a lv e  
c o n s is ts  o f  a hollow  chamber with four perforated f la t  s id e s
covered by an e la s t i c  rubber band. So fa r  as the w riter i s
aware, rams sim ila r  to  that described above, are s t i l l  
manufactured and s a t is fa c to r y  r e s u lt s  are claimed by the firm  
concerned*
The l i s t  o f  ty p ica l B r it ish  rams would not be 
complete w ithout mention o f the ftGrlenfieldtt hydraulic rams, 
manufactured by G lenfie ld  and Kennedy* The (lG len fie ld ff ram 
i s  shown in  fig * 1 9  and the essence of i t s  design  i s  
s im p lic ity .
C ontinental development o f  hydraulic rams in  the 
period 1375-1900 i s  due mainly to  French and Swiss designers*  
An ea r ly  attempt was made by Durozoi, whose ram i s  shown in  
fig *  20*
The main fea tu re  o f th is  hydraulic ram i s  the
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SCHABAVER’S HYDRAULIC RAM.
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arrangement for supplying a ir  to  the a ir  chamber which 
c o n s is ts , as in  th e  case o f B o lle e 1 s ram, o f a hollow column 
contain ing an a ir  in le t  va lve 0 and a non-return v a lv e  N. 
Further, a casing  C en closin g  the impulse v a lv e , i s  claimed 
to  produce a su ction  head by means of the escaping w ater.
C hevillard  (32) reported that the e f f ic ie n c y  o f  
D uroso i's ram v a r ie s  between 65$«80$.
In the same year as K eith in  th is  country,
Schabaver obtained a French patent (28) fo r  a sim ilar idea 
o f u t i l i s in g  low supply heads o f w ater. Schabaver1 s ram is  
shown in  f i g . 2 1 . I t s  ch a ra c te r is tic  fea tu re  i s  spring  
operated m u ltip le  rectangular v a lv e s . The impulse v a lv es  
are co n tro lled  by s p ir a l  sp rin gs, th e  d e liv ery  v a lv es by a 
number o f  f l a t  sp r in g s. An a ir  charging device o f  a type 
sim ilar to  B o l le e ^  i s  a lso  attached . This ram was extremely 
s e n s it iv e  in  a ctio n s a fte r  inmersing th e  ram in  w ater, 
Schabaver operated i t  w ith on ly  1 inch o f supply head. This 
i s  in  a l l  p ro b a b ility  a record f ig u r e . In te re stin g  a s i t  
i s ,  th e  con stru ction  o f  Schabaver*s machine, being very  
elaborate and exp en sive, had to  g ive way to  other much 
sim pler and equally  e f f ic ie n t  hydraulic rams.
Between 1885 and 1890, a Swiss manufacturer 
Baer developed a very  neat d esign  shown in  f i g .2 2 .  His 
impulse and d e liv e ry  v a lv es  are covered by separate patents
- 6 8 -
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BAER'S HYDRAULIC RAM. JK
FIG.23
DECOEUR'S HYDRAULIC RAM. JK
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(27) (S3)* The arrangement o f th e h orizon ta l impulse valve  
provides fo r  easy adjustment o f  the length  o f  the stroke and 
th e ten sio n  o f the sp ir a l spring* Baer, s d e liv ery  v a lv e  i s  
d istin g u ish ed  hy th e  a ttr ib u te  that i t  can be e a s i ly  and 
q u ick ly  regu la ted , and, fu rth er , i t s  a c tio n  can be observed 
from th e  outside*
In 1891, a French engineer Decoeur (34) developed 
th e  design  shown in  f ig * 23 for which he subsequently obtained 
a B r it ish  patent (42)* Both v a lv e s  are con tro lled  by sp ir a l  
springs and th e ir  ten sion  can e a s i ly  be adjusted from outside*  
Decoeur f s d esign  has a lso  another advantage, namely, that the 
escaping water can be d ir e c t ly  conducted by a pipe to a 
b asin  below (now shown in  the drawing)* The suction  head 
produced w ith in  t h is  discharge pipe by the escaping water 
in creases th e  v e lo c ity  o f  flow  on the opening o f  the impulse 
valve* This arrangement a lso  a llow s the ram to  be placed  
w e ll above th e  low le v e l  o f th e  a v a ila b le  supply head.
Decoeurfs ram g iv e s  very  good e ff ic ie n c y *  Berthot 
(40) rep o rts a case in  which a ram working under a supply head 
o f  1 f t .  d elivered  * /45  part o f  supply water against the d elivery  
head o f  30 f t*  This corresponds to  the e f f ic ie n c y  30/45  
•  0*666 which should be considered very h igh  for the r a t io  
h/H •  30*
F ig .2 4  shows a ram o f  Swiss o r ig in , patented by
- 7 0 -
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NUSSBAUMER’S HYDRAULIC RAM. JK
FIG.25
MEAD’S HYDRAULIC RAM. JK
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Kussbaumer (47) In which a f l a t  V-shaped spring i s  u t i l i s e d  
in  opening th e  impulse valve* The connection o f  the a ir  
chamber w ith the d r ive  p ipe i s  made a t the very end o f the 
l a t t e r ,  in  order to  u t i l i z e  th e  f u l l  length  o f  the water 
column*
With regard to  American development, the greatest  
con trib u tion  was undoubtedly made by Professor D* Mead, o f  the 
U n iv ers ity  o f  W isconsin, who su c c e s s fu lly  introduced hydraulic  
rams fo r  use in  public water supply in s ta lla t io n s *
Pig* 25 shows a ty p ic a l design  by Professor Mead 
(45)* The arrangement o f  the spring operated impulse va lve  
i s  s im ila r  to Baer*s or Decoeurfs* The d e liv ery  v a lv e  i s  o f  
th e box ty p e , and has an area in excess o f  the cro ss-sec tio n  
o f the d rive  p ip e , thus reducing the lo s s e s  o f head to  a 
minimum* Another prominent fea tu re  i s  the s im p lic ity  o f  the 
mechanism*
In 1894, Professor Mead designed a la rg e  ram in  
connection w ith th e  water works system  fo r  the v i l la g e  of 
West Dundee, I l l i n o i s ,  which had about 1200 inhabitants (45)*  
This machine, w ith a drive p ipe 2200 f t*  long and 10 inches 
in  diam eter, under a head o f  55 f t * ,  d elivered  water in to  a 
standpipe 115 f t*  above the ram* The amount pumped, when the 
ram operated con tinu ou sly , was about 60,000 g a llo n s  per day*
On account o f th e  great length  of t h is  drive p ip e , the impulse 
v a lv e , which was 8 inches in  diam eter, was given  a length of
72 -
stroke o f  on ly  i  inch* thus providing an area o f discharge  
eq u a llin g  o n ly  about *^/l2 o f  th e  sec tio n  area o f the drive  
pipe* The aggregate area o f 9 d e liv ery  v a lv es at the base
o f  th e  a ir  chamber was greater than the se c tio n a l area o f
/
th e drive pipe* The duration o f  one cycle  o f th is  ram was 
4 / 3  secs* and th e  maximum pressure in  the air-chamber was 
52*5 lb s .  per sq .in *  (above atmos*) According to the in d ica tor-  
cards taken , t h is  h igh est pressure endured only about one 
second*
During 1895, two hydraulic rams o f  l e s s  s iz e ,  but 
b u il t  on th e  same p r in c ip le , were designed by Professor  
Mead and in s ta lle d  a t th e  v i l la g e  o f Algonquin, I l l in o i s *
These rams, which had an estim ated e f f ic ie n c y  in  the region  
o f 80%9 operated under a supply head of about 23 f e e t ,  and 
forced  th e  water aga in st a d e liv ery  head o f about 104 fee t*
A s in g le  ram was capable o f  pumping about 25,000 g a llo n s per 
day in to  the d e liv ery  tank*
Another prominent American designer was J* Richards 
who developed severa l types o f  rams, two o f  which are d iscussed  
below*
Fig* 26 shows R ichards^  ram (49) designed w ith a 
view to  preventing the ex cess iv e  shock caused by the abrupt 
c lo s in g  o f th e  impulse v a lv e . To counteract t h is  e f f e c t ,  an 
a ir  cushion, regu lated  by the a ir -c o ck , i s  provided for the
- 7 3 -
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impulse valve* Moreover* the impulse valve p asses f r e e ly  
through i t s  sea t without str ik in g  i t  w h ilst closing* and in  
addition* to  minimise th e fo rce  c lo s in g  th e  impulse valve* 
an a u x ilia r y  v a lv e  opening downwards i s  mounted on th e  main 
v a lv e  spindle# On th e  other hand* to  increase th e  upward 
pressure o f the water on th e  impulse valve* w hile  the la t t e r  
i s  c losin g*  a d e f le c to r  attached to  the va lve sp indle i s  
provided# This d e fle c to r  a c ts  by the rea ctio n  o f  the escaping  
water#
R ichardsfs experience led  him to the conclusion* 
that a r ig id  impulse v a lv e  can be used su cc ess fu lly  fo r  
hydraulic rams o f  sm all s iz e s  with va lv es not exceeding 5 inches 
in  diameter* For larger machines* having d rive p ipes from 
4 to 12 in ch es diameter* Richards proposed to  su b stitu te  for  
the sim ple impulse va lve a number o f sm aller v a lv es w ith  
equivalent aggregate area* thus lim it in g  the length  o f  stroke  
and the time o f  c lo s in g  to  that required for one small valve*  
T’ig* 27 shows a design  based on th e  above p rin cip le#  A separate 
sketch shows a d e ta il  of the u n it valve#
Smallman (92) reported on a ram constructed on such 
a p r in c ip le  in s ta lle d  at Chichester Dam* A ustralia# The 
a v a ila b le  supply head i s  60 f t*  and a ram with a drive pipe 
of 4 ins* and having 3 separate impulse va lves was su c c e ss fu lly  
employed# Working aga in st a head h « 440 f t#  th is  arrangement 
gave over 60$ e ff ic ie n c y #  Fig* 28 shows a ty p ic a l American
FIG. 2 8
GOULDS’ HYDRAULIC RAM.
JO.
FIG. 29
RIFE’S HYDRAULIC RAM.
JK
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commercial ram manufactured by Goulds Co* This design  
resem bles th e  D ouglas’ s ram in  many resp ects*  Goulds ram 
i s  o f in te r e s t  mainly fo r  th e  f a c t ,  that numerous 
experiments referred  to in  sec tio n s  X and X II, were conducted 
thereon*
Pig* 89 shows a modern arrangement o f  another very  
w ell known ram o f American o r ig in  patented by R ife in  1893 (39) 
This design  i s  featured  by an impulse v a lv e  attached to  the 
p ivoted  arm with a s lid in g  weight thereon* By adjusting the 
weight on the p ivoted  arm i t  i s  p o ss ib le  to control th e  
l i f t i n g  fo rce  required to  c lo se  the impulse valv8* The 
length  of the stroke may a lso  be e a s i ly  adjusted* The 
connection fo r  the d e liv ery  p ipe i s  so arranged as to  allow  
the d e liv ery  pipe to  be re a d ily  le d  out at any desired  angle  
and th e  a ir  chamber i s  o f  a large cap acity  and e a s i ly  
removable*
According to  Babbitt (8 0 ), the R ife  rams g ive  
the fo llo w in g  e f f ic ie n c ie s s
b/K = 2£ 3  18 23 30
E s 75$ 70$ 67$ 60$ 50$
Modern development o f hydraulic ram design , based 
as a lready in d ica ted  upon that obtain ing in  the la t t e r  part 
o f la s t  century, can be i l lu s tr a te d  by reference to four 
examples*
In  1923, P f is te r  and Langhauss took a patent (77)
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PFISTER’ S AND LANGHAUSS’S HYDRAULIC RAM. JK
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FIG.31
STRAUSS’ S HYDRAULIC RAM. JK
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for a ram shown in  f ig *  30* The underlying idea i s  to u t i l i s e  
every inch o f  a v a ila b le  supply head and to  th is  end the  
in p u lse  v a lv e  i s  reversed and supported by a bow shaped spring# 
In  1930* Strauss (84) designed a machine shown in  
f ig *  31# Here the attempt i s  made to standardise both the 
impulse and the d e liv e ry  valve* each co n sis tin g  of a rubber 
d isc  o f  uniform shape and s iz e .  A sp e c ia l con tro l valve to  
regu la te  the in take o f  water i s  incorporated in  the design  
but t h is  d ev ice  i s  l ik e ly  to  make the ram more expensive 
than i s  warranted#
Asbury (9J.) embodied a most unusual and o r ig in a l 
idea in  a design  for which he took a patent in  1935 and which 
i s  shown in  f ig #  32# Here th e  object i s  to  produce a ram 
in  which r e s i l i e n t  rubber a c ts  as the p u lsatin g  element 
in  order to  avoid th e  use o f th e  a ir  chamber# The d e liv ery  
v a lv e  i s  very in g en io u sly  incorporated in to  the r e s i l ie n t  
rubber diaphragm. The escaping water ro ta tes  a sm all im peller  
attached to  th e sp in d le  o f the impulse valve# The purpose 
o f th is  arrangement i s  to  d is tr ib u te  th e  downward flow o f  
water over th e  o u tsid e  o f  the rubber diaphragm in  order to 
prevent ox id ation  o f  rubber# The rubber diaphragm i s  
com paratively th ick  and the Inventor estim ates that i t s  
working stre tc h  i s  o f  the order o f l/QO o f  the maximum stretch*  
so that the diaphragm m y la s t  severa l years# The desired  
lo n g itu d in a l s tre tc h  in  the diaphragm i s  secured byrotating  
the same#
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FIG. 32
ASBURY’S HYDRAULIC RAM.
JK
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FIG. 33
FRANCFORT’S HYDRAULIC RAM JK
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The la t e s t  notab le design o f  the hydraulic ram 
shown in  f ig *  33 i s  due tc  Francfort (1943) (99)* This 
machine has some a f f in i t y  to Foexf s and F isch erf s rams 
discussed  p reviously* The a ir  chamber and tubular impulse 
valve are arranged in  v e r t ic a l  alignment* The impulse 
va lve always operates in  a liq u id  medium, which medium provides 
cushioning fo r  the valve* The length  o f  stroke can be 
e a s i ly  adjusted* Using a d rive pipe o f 12 ins* diameter, 
the inventor has su c c e s s fu lly  b u ilt  a ram o f th is  type, 
the design  o f  which i s  sim ple and inexpensive*
81
IX. SURVjSY OF SOME LESS mown VARIATIONS 0? THH HYDRATTLIC RAM, 
In v estig a tio n  o f  the hydraulic ram would be very  
incom plete without referen ce to  numerous machine's working on 
sim ilar p r in c ip le , but possessing  d is t in c t iv e  fea tu res of th e ir  
own and requiring separate th e o r e t ic a l and experim ental 
consideration* These l e s s  known v a r ia tio n s  o f the hydraulic  
ram may be c la s s i f ie d  as fo llow s?
(1) the hydraulic ram combined with a siphon,
(2) the hydraulic ram combined with a su ction  pump,
(3) the hydraulic ram actin g  as an a ir  compressor,
(4) th e hydraulic ram with a m echanically operated impulse v a lv e ,
(5) th e  hydraulic ram adapted as a motor,
(6) the hydraulic ram adapted to the a rtes ia n  w e ll ,
(7) the hydraulic ram without v a lv es  or hydropul sat or,
(8) the hydraulic ram constructed of rein forced  con crete,
(S) th e  hydraulic ram adapted fo r  u t i l i s in g  t id a l  power.
(I )  The hydraulic ram combined with a siphon was invented  
by M ontgolfier and i s  shown in  f i g .3 4 . The o r ig in  o f the idea  
i s  very in terestin g ?  the inventor was anxious to  prove the  
p o s s ib i l i t y  o f  the a p p lica tio n  o f a hydraulic ram for dealing  
with la rg e  volumes o f w ater. lie therefore suggested in  a 
sp e c ia l paper (6) devoted to th is  problem, that the ancient 
waterworks at Marly on the r iv er  Seine b u ilt  in  1G82 should 
be replaced by a b attery  of 25 siphon-operated hydraulic rams 
designed by h im se lf . The reason fo r  se le c tin g  th is  rather
- 8 2 -
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unusual form o f  ram i s  explained by him in  the fo llow ing words:
wJe dom e au b e lie r  la  forme d*un syphon, a f in  que ses p ieces
m obiles so ien t l e s  p lus souvent hors de l ’eau e t  que l fon
v. /  H
puiss© l e s  v i s i t e r  a volonte* This machine was never a c tu a lly  
b u ilt*  I t  i s  l ik e ly  that those who in v estig a ted  the design  on 
b eh alf o f  th e  French government, feared the separation  o f  the 
water column which might occur in  the siphonic apparatus of 
th is  type* I t  may be o f in te r e s t  to  note some o f the main 
dimensions o f  the proposed machine* The drive pipe i s  1 f t ,  in  
diameter and 164 ft*  long* The supply head H I s  5 ,25 ft*  and 
the d e liv e ry  head h about 495 f t*  I t  i s  very remarkable that 
the inventor expected to  obtain  so high a ra tio  as k/H s  94*
The duration o f the working cyc le  was estim ated to  be 7*5 sec*, 
and in  24 hours, M ontgolfier expected to d e liv er  20 cubic metres 
of water a t th e  expense o f  3788 cubic metres running to w aste. 
E ffic ie n c y  would be then E « * 0*50 (approx*)
O r o b  X 0*<sO
A siphon operated hydraulic ram which was b u ilt  and 
used was that designed in  1856 by Ellsworth (13)* The 
arrangement shown in  f i g *35 represents th e in s ta l la t io n  as 
observed in  actu a l operation  by Palmer (6 8 ) , The ram was 
lo ca ted  a t th e  mouth o f a w e ll 7 ,7  ft*  deep, containing 1*2 f t ,  
o f  water* The w aste pipe discharged a t a point 10*5 f t ,  below 
the mouth o f the w e ll ,  so that there was an e f f e c t iv e  head o f  
4 f t .  The d e liv ery  tank was s itu a ted  15 ft*  above th e  mouth
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of th e w ell*  E llsw orth 's ram co n s is ts  e s s e n t ia l ly  o f  a 
rectangular box-shaped body w ith two in c lin ed  per t i t i o n s ,  
having the apertures I  and K, w ith f la p  v a lv es C and I), At 
the base th ere  i s  a connection to the drive pipe B, and in  the 
top two openings L and K, lead in g  to the waste pipe A and the  
d e liv e r y  p ipe H resp ectiv e ly *  Between L and a and between 
M and H are two tubular a ir  chambers* The key shaped lever  J 
con tro ls the ra p id ity  of p u lsa tion  and i s  a lso  used to sta rt  
and stop th e  action* I t  i s  turned by hand by means o f a shaft 
passing through a s tu ff in g  box in  the back o f the ram body, 
the fro n t o f  which c o n s is ts  o f  a g la ss  p la te  so that the 
operation  o f  the p arts may be observed*
The a c tio n  o f E llsw orth 's ram i s  as fo llow s* A column 
of water flow ing up th e drive pipe B and down the waste pipe A 
acquires s u f f ic ie n t  v e lo c ity  to  turn the va lve C, which i s  
double a c t in g , a ga in st th e  opening L, thus arrestin g  the flow  
to the w aste pipe# The k in e tic  energy o f the water column in  
the d rive pipe then di’iv e s  a portion  o f  water past the valve D, 
and up the d e liv e ry  pipe H* PJhen the motion i s  arrested  and a 
reverse surge se t up, the va lve  C f a l l s  from i t s  upper seat 
and a new cy c le  i s  in it ia te d  by a flow  o f water through the  
siphon*' The purpose o f th e  air-chamber E between th e  drive 
pipe B and th e  waste p ipe A i s  to smooth the flow*
E llsw orth 's siphon-operated ram i s  e s s e n t ia l ly  l ik e  
the ordinary ram except th a t the impulse va lve i s  arranged in
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such a way as to prevent the lo s s  o f  the su ction  head at the 
crest of th e  siphon* This ram could a lso  bo operated as, an 
ordinary ram using an in c lin ed  drivo pipe* I t  i s  em inently  
su ited  to r a is in g  sm all q u a n titie s  of water from a shallow  
w e ll , there i t  i s  d i f f i c u l t  or im possib le to in s t a l l  a drive 
pipe slop ing to an ordinary hydraulic ram.
Another important apparatus o f  th is  kind i s  due to  
Lemichel (44) and i s  shown in  f i g *36* To prevent the formation 
of a vacuum in  th e longer limb o f  th e  siphon w hile the s i  phonic 
action  i s  tem porarily arrested  by the closure o f th e impulse 
Valve in  the shorter lim b, Lemichel introduced a regu latin g  
device co n s is tin g  of a chamber w ith a p isto n  v/orking in  a 
cylinder* The cap acity  o f displacement possessed  by th is  
p isto n  i s  so arranged that the regu lator w i l l  always be kept 
f u l l  of liq u id *  The pressure acting upon the p iston  can be 
adjusted by a lte r in g  i t s  w eigh t.
Lemichel *s siphon-operated hydraulic ram sim ilar to 
that shown in  f i g . 36 ims exh ib ited  in  Paris in  1392* According 
to  Desquiens (3 6 ), who observed i t s  a c tio n , the machine with a 
drive p ipe of 4 ins* diameter working under th e  supply head 
H s 1*80 m* aga in st the d e liv ery  head h * 4 .0  m. delivered 63 
cu*metres In 24 hours w ith e f f ic ie n c y  between 80-90 p*c* The 
number o f  p u lsa tio n s varied  from 150 to 400 per minute*
In 1905 Bruyare (55) invented a very unusual siphon-
FIG.36
LEMICHElJS SIPHON-OPERATED HYDRAULIC RAM.
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FIG.37
BRUYERE’5 SIPHON-OPERATED HYDRAULIC RAM,
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opera ted  h y d ra u l ic  ram shown in  f ig*37  in  which, in s te a d  of
Lam ichelfs r e f l a t i n g  d e v ic e ,  an a d d i t io n a l  d e l iv e ry  v a lv e  i s
\
i n s ta l l e d *  Bruyore claim s th a t  a f t e r  th e  impulse valve  i s  
c losed in  th e  s h o r te r  lim b of th e  siphon and a p o r t io n  of d r iv in g  
w ater i s  fo rced  throiigh th e  d e l iv e ry  v a lv e  A, water i n  the  
lo n g e r  lim b co n tin u es  to  f low , c r e a t in g  a vacuum* At a c e r t a in  
moment t h i s  vacuum i s  ba lanced  by th e  a t  mo sp h e ric  p re ssu re  
a c t in g  upon th e  longer lim b, and th e  re v e rse  flow of water 
begins* A second im pulse, t h i s  time in  th e  longer limb of th e  
siX±ion, o ccu rs , and a p o r t io n  of th e  water th e r e in  contained i s  
f re e d  th rough  th e  d e l iv e ry  v a lv e  B* The w r i te r  was unable to  
t r a c e  any d a ta  r e f e r r i n g  to  th e  performance of t h i s  machine*
(2) The h y d rau lic  ram combined w ith  a su c tio n  pump 
u t i l i s e s  a f a l l  o f  impure w ater f o r  r a i s in g  cloan water or 
o th e r  l iq u id *  The water which g ives  motion to  the machine may 
or may not be kept s e p a ra te  from th e  water which i s  r a i s e d  by 
the  machine* This v a r i a t i o n  o f  th e  h y d ra u lic  ram, which i s  
f r e q u e n t ly  c a l le d  ^compound*1,  was o r ig in a te d  by Mont g o lf  i e r 1 s 
son who o b ta ined  a p a te n t  (7) fo r  a rain of  t h i s  type shown in  
f ig * 38*
The su c t io n  x>ipe ^ i s  connected w ith th e  d r iv e  p ipe 
B by means of a curved tu b e ,  the dimensions o f  which a re  so 
arranged  t h a t  th e r e  i s  always a q u a n t i ty  of  a i r  a t  i t s  c r e s t ,  
so th a t  th e  o s c i l l a t i o n s  o f  th e  two w a te rs  !^? i l l  no t cause 
e i th e r  to  p a s s  th e  summit and mix w ith  th e  o th e r*
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FIG. 39
LEBLANC'S COMPOUND HYDRAULIC RAM. JK
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The a c t io n  of t h i s  machine i s  as  fo l lo w s .  Lot us 
suppose - th a t  th e  impulse v a lv e , c o n s is t in g  o f  two d i s c s ,  i s  
open, the w ater w i l l  run  th r o u j i  th e  d r iv e  p ipe  u n t i l  i t  
a c q u ire s  a c e r t a in  v e lo c i ty  and c lo se s  th e  passage* The 
a r r e s t e d  w ate r  column congresses  a i r  in  th e  curved tube u n t i l  
th e  p r e s s u re  th e r e o f  i s  s u f f i c i e n t  to  fo rc e  a p o r t io n  of the  
w ater co n ta in ed  in  th e  su c t io n  p5-pe in to  th e  a i r  v e s s e l .  , The 
energy b e in g  th u s  expended, th e  water i n  th e  d r iv e  p ipe  r e o o i l s ,  
th e  impulse v a lv e  opens, a su c tio n  head i s  produced in  th e  
su c t io n  p ip e ,  and a  new cycle  begins*
In  1847, a B elg ian  eng ineer Leblanc (16) cons truc ted  
a d o u b le -a c t in g  compound ram f o r  d ra in in g  excavations* I t  i s  
shown in  fig*39* There a re  two p a r a l l e l  d r iv e  p ip e s  connected 
w ith  a s u c t io n  pipe* The impulse v a lv e  o f  th e  o rd in a ry  ram i s  
rep la ce d  by an  adm ission  valve  A, and th e  d e l iv e ry  v a lv e  of. 
th e  o rd in a ry  ram by th e  su c t io n  va lve  B. As th e re  a re  two d r iv e  
p ip e s ,  th e  adm ission v a lv es  a re  coupled to g e th e r  and work 
in te r m i t t e n t ly *  Consequently , th e  c lo s in g  o f  one v a lv e  w i l l  be 
accompanied by th e  opening of th e  o th e r ,  and th e  two su c tio n  
v a lv es  w i l l  th e r e fo r e  a l s o  be a l t e r n a t e l y  opened and c lo sed .
To avoid severe  shocks, the adm ission v a lv e s  a re  formed of 
compressed l e a th e r  d i s c s .
L eb lancf s compound ram works on a p r in c ip le  d i f f e r in g  
from M ontgolfier *s compound ram d escr ib ed  p rev iously*  In
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M o n tg o lfier^  machine a suotion  head i s  produced during the 
return flow  o f water in  the d rive  pipe# In the case o f  
Leblanc1 s ram th e p o s it io n  i s  ex a c tly  opposite and a d ifferen ce  
o f p ressure i s  produced by water running to  w aste from le v e l  
X to  Y# The water e levated  mixes w ith the water u t i l iz e d  to  
drive the machine.
The inventor rep orts that he used h is  machine 
su c c e s s fu lly  w h ils t  excavating the foundations o f seven bridges#  
Performance data are not ava ilab le#
P ig #40 shows an arrangement o f a compound ram invented  
by Blake (SO)# The body of a ram i s  f i t t e d  with a double 
cy lind er contain ing la rg e  and small p isto n s each f i t t e d  on 
the same rod# The la r g e  end o f  the cy lind er i s  connected to 
the impact chamber o f the ram, and the sm all aid i s  connected 
to  a ty p ic a l su ctio n  pump# The downward action  of the two 
p isto n s  i s  caused by th e  spring# Blake *s ram-pump i s  a 
prototype o f other sim ilar d esig n s, but i t  i s  in p o ssib le  to 
d iscu ss them here in  d e ta i l  and we can on ly mention that 
in te r e s t in g  con trib ution s were made by Evans and Hopwood (3 8 ), 
and Weber (6 7 ) . The la t t e r  devised an arrangement in  which a 
rubber diaphragm was applied  in stead  o f a p iston#
(3) The hydraulic ram acting as an a ir  compressor i s  
a lso  a v a r ia tio n  due to  M ontgolfier fs son (7)#  His idea Is  
shown in  fig # 4 1  and the a c tio n  o f  the apparatus is  as follow s#
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FIG. 40
BLAKE’S COMPOUND HYDRAULIC RAM JK
FIG.4I
MONTGOLFIER’S HYDRAULIC RAM FOR COMPRESSING^
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When th e  double impulse va lve  W i s  c lo sed , the mass o f  water 
in  the d r ive  pipe continues i t s  motion, compresses the a ir  
in  the a ir  chamber A and then exp els i t  through the non-return  
v a lv e  IT* To prevent th e  water fo llow in g  the a ir  in  the  
d e liv ery  pipe* an empty copper b a ll  i s  employed so as to f lo a t  
upon the water and check i t s  upward flow* The expansion of 
the a ir  l e f t  in  the annular space a t the top of the a ir  chamber 
then causes a r e c o i l  and th e  water lea v es  the a ir  chamber 
w h ils t  the v a lv e  1? c lo se s  and the v a lv e  I  opens adm itting a 
further supply o f  a ir*  When the water has descended n early  to  
th e  bottom, and th e  a ir  chamber A i s  almost f u l l  o f a ir ,  the 
sm all f lo a t  subsides and c lo s e s  th e  a ir  va lve D attached at 
i t s  end. A fter the energy o f the r e c o il in g  water in  the  
drive p ipe has been exhausted, a new cy c le  begins*
Compression o f  a ir  by means o f a hydraulic ram was 
u t i l iz e d  on a la rg e  scale by Sommelier, who designed a b attery  
of such rams fo r  u se in  the work on th e  Mont Cenis Tunnel (22)* 
Sonrielier *s machine, which i s  q u ite  com plicated, i s  described  
in  some d e t a i l  by P rofessor Gibson (78)* Working under a head 
of 85 f e e t ,  t h is  machine delivered  a ir  a t a pressure o f  
75 lbs*  per sq* in*
(4) The hydraulic ram w ith a m echanically operated 
impulse va lve  was introduced by P e a r sa ll, who in  1885 took a 
patent (29) for a machine, the p r in c ip le  of which i s  the same 
as that o f the ordinary hydraulic ram* However, i t s
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con stru ction  and a c tio n  are so d if f e r e n t ,  that the term "ram" 
i s  hard ly appropriate.
The p r in c ip le  which the ram and P e a r sa ll's  engine 
share in  common, i s  th a t they  both obtain  th e ir  power by the  
retard ation  o f  a eoltimn o f  water which has been p reviously  
se t  in  motion by g ra v ity ; but in  P e a r sa ll's  engine th e impulse 
v a lv e  i s  so co n tro lled  m echanically as to  save the moving parts  
from shocks*
One form o f Pearsall*  s engine i s  shown in  f i g , 42, 
the drive pipe A being 16 ins* in  diameter* This pipe  
conducts water from th e  source to  the t a i l - r a c e  B, C i s  the 
main v a lv e , opening and c lo s in g  communication with the t a i l  ra ce . 
The d e liv e r y  v a lv e s  DD are opening in to  the a ir  v e s s e l  B* P 
i s  th e  d e liv e ry  pipe* The main va lve  i s  opened and closed  by 
means o f a sm all motor G, which i s  worked by the compressed 
a ir  in  th e  a ir  v esse l*  H i s  an a ir  va lve carrying a wooden 
f lo a t  J , th e  d ista n ce  o f which from H i s  ad justab le by means 
o f a screw K and wrench L*
The a c tio n  i s  as fo llow s*  The d rive pipe i s  f u l l  o f
water and when the main v a lv e  i s  opened by the motor, water
in  the d rive p ipe flow s in to  the t a i l  ra ce , and the chamber M
a lso  em pties i t s e l f  in to  th e  la t te r  and i s  f i l l e d  with a ir  
through the v a lv e  H* When the flow  has continued for a certa in  
short tim e, e*g , 2 seconds, the main va lve i s  closed  by the 
motor G* A fter the c lo su re  o f the va lve , the flow  of the water
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Is  not checked, as i t  can r i s e  without r e s is ta n c e  in  the chamber 
M, the a ir  f r e e ly  escaping by the va lve  H. Upon reaching a 
cer ta in  h eigh t in  the chamber, the water r a is e s  the f lo a t  J 
and c lo s e s  the a ir  v a lv e  H. I f  the f lo a t  i s  adjusted so as to  
c lo se  th e  a ir  v a lv e  w h ile  there i s  s t i l l  some a ir  in  the chamber, 
th is  a ir  i s  then compressed by the energy o f  the column of water 
and th e  pressure in  the chamber M r i s e s  u n t il  s u f f ic ie n t  to  open 
the d e liv e r y  v a lv e s  DD. This arrangement reduces the shock to 
a minimum and water continues to flow  in to  the a ir  v e s s e l E 
u n t i l  the energy of the column o f  water in  motion i s  exhausted 
by th e  r e s is ta n c e  of the a ir  therein  contained* Vhen th e  column 
o f water comes to  r e s t ,  the d e liv ery  v a lv es DD c lo se  g en tly .
The a c tio n  o f th e  motor C i s  such that the main va lve  i s  again  
opened and th e  cycle  of operation  i s  repeated* The water 
d elivered  flow s out o f th e  a ir  v e s s e l  continuously through the 
d e liv ery  pipe P .
The machine o f  th e  type represented by f ig .4 2  was 
in s ta lle d  a t  the paper works at S t .  Mary Gray, Kent. According 
to  Masse (53) i t  e levated  260 l i t r e s  per minute a t the d e liv ery  
head 2 0 .8  m. w ith  a supply head o f on ly  2 ,3  m. and a q uan tity  
flow ing to w aste equal to  3500 l i t r e s  per minute. In th is  
case e f f ic ie n c y  was 0*675.
P e a r s a l l^  machines have been su cc ess fu lly  operated  
with d rive p ip es o f  24 in s .  in  diameter (7 4 ). According to  
Professor Gibson (7 8 ) , the machine i s  capable o f dealing with
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p r a c t ic a lly  any q u an tity  o f  water and represents the h igh est  
development in  th e construction  o f  th e  hydraulic ram#
Fig#45 i l lu s t r a t e s  th e  machine developed by Richards 
(49)* who b e liev ed  that h is  design  was in  some resp ects an 
improvement on P e a r s a l l^  engine, being capable of the same 
fu n ction s w ith much l e s s  com plication#
The impulse va lve C, as seen in  f ig # 4 5 , i s  o f  the 
rotary type# On the top o f  i t s  sp in d le  D a cross-arm B i s  
attached having a p in  F engaged by a corresponding C in  the 
sm all water wheel I ,  so that a t each revo lu tion  o f the water 
wheel th e v a lv e  C i s  turned o n e-six th  o f a rev o lu tio n , opening 
the p orts B# The c lo s in g  movement o f  the va lve was to be 
performed by a h e l ic a l  spring around the sp indle P, but i t  was 
discovered  th at t h is  was unnecessary, because the valve closed  
in s ta n t ly , owing to  some cause not evident at the time#
Richards recommends h is  machine fo r  p ipes 12 inches 
or more in  diam eter, when the heads are not excessive#
(5) The hydraulic ram adapted as a motor# In 1892, Brain 
(57) designed a hydraulic motor u t i l i s in g  the energy contained  
in  a drive pipe and converting i t  in to  mechanical energy# In 
th is  case , pressure due to  a water hammer a c ts  on the p iston  
and y ie ld s  power through a crank shaft#  The movement o f the  
impulse v a lv e  i s  co n tro lled  by means o f  a su ita b le  lev er  
worked by a cam attached to the fly-w heel#
(6) Hydraulic ram adapted to  the a rtes ia n  w e ll# Professor
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D. Mead (3 S ) , merit;loned p rev iou sly  in  se c tio n  VXII, designed 
and operated for many years a hydraulic ran in  which a drive 
pipe was sunk In an a r te s ia n  w ell#  With a s ta t ic  head of 
some 40 f e e t  th is  ram pumped a portion  o f  the w e ll water to  
the resid en ce s itu a ted  200 f t #  above#
(7) The hydraulic ram without v a lv es or hydro nul sat or 
was invented in  ISO9 by Abraham (61)#
A ty p ic a l hydropul sat or i s  shown In f i g  #44# I t  has 
a l l  the lea d in g  fea tu res  o f a hydraulio ram with the exception  
o f  a tu r b in e -lik e  ro ta tin g  part rep lacin g  both the impulse and 
d e liv ery  valves*
This ro ta tin g  part i s  provided with at le a s t  two 
compartments or a m ultip le o f  two* a l l  o f which are open at the 
periphery# H alf o f  th ese  compartments have openings d irected  
downwards to  allow  th e  escape o f water# The other compartments 
have openings d irected  upwards, and communicate w ith  the a ir  
chamber#
The w a lls  separating the compartments are curved lik e  
the b lades o f  a tu rb in e, which causes the ro ta tin g  part to 
operate by reason o f  the reaction#
The ro ta tin g  part i s  driven by water flow ing in  the 
drive pipe# At a cer ta in  moment the ro ta tio n  o f  th is  con tro lling  
part a r r e s ts  th e  flow and a water hammer i s  produced# Shortly  
afterw ards, the continuing movement o f  the ro ta tin g  part
t r
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e s ta b lish e s  communication between the drive pipe and an a ir  
chamber* and d e liv ery  takes place*
The f i r s t  attempt to  develop the mathematical theory  
o f  th is  ingen ious d evice was made in  1910 by Dr* H* B lasiu s (63)*  
So far as th e  w riter i s  aware th is  type o f  apparatus i s  s t i l l  
in  i t s  infancy*
Abraham m aintains th a t h is  apparatus i s  w e ll su ited  
to  work under very low heads o f water* This led  him to the 
d esign  o f a hydropulsator serving ex a c tly  the same purpose as 
Leblanc *s machine shown in  f ig *  39 , i*e* e leva tin g  water by 
suction*
Abraham* s su ction  hydropulsator i s  shown in  f ig *  45*
The d riv in g  water en ters th e  chamber B through pipe A, the 
driven water i s  led  through tube C in to  the chamber D* The 
chambers are separated from one another by a ro ta tin g  member E* 
which i s  mounted upon a v e r t ic a l  shaft r e s t in g  upon a su ita b le  
stop bearing and supported in  p o s it io n  by an upper bearing*
This co n tro llin g  member E i s  provided with four compartments 
or a m u ltip le  o f four* as i s  shown in  the drawing* a l l  o f  which 
are open a t th e  periphery o f  the con tro ller*  H alf of these  
compartments a lso  communicate w ith  the water above the  
con tro ller*  w h ile  the other compartments communicate with the 
water beneath i t  in  th e  chamber D* which i s  supplied by the
pipe C*
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At th e  same le v e l  as the peripheral openings in  
the co n tro lle r  E* channels P enter the chamber B a t p o in ts  
d ia m etr ica lly  op posite  each o th er . The number o f these  
channels i s  lim ited  on ly  by th e circum ference o f  the chamber B* 
which they may com pletely occupy* According to  the construction  
i l lu s t r a te d  by the fig u re  45* the number o f the above channels 
i s  such that two s e ts  o f  them are so arranged that each 
occupies on ly  about a quarter o f the circumference* The driving  
water i s  le d  by th e  pipe A in to  the chamber B* whence i t  flow s 
through th e  compartments opening upwards in to  the channels P
causing the c o n tro lle r  E to  ro ta te  u n t i l  the discharge of the
actu atin g  water i s  cut o ff*  and the communication i s  estab lish ed  
between th e  channels P and the chamber D* when the continued 
forward movement o f  the water in  channels P w i l l  draw some of 
the water in  th e  lower ohamber through the compartments 
opening downwards* whence i t  w i l l  be delivered  w ith the driving  
water in to  the reserv o ir  K*
Schulz (65) reported on such a machine in s ta lle d  
at D retze l in  th e  province o f  Saxony* In t h is  case* the quantity  
o f d riv in g  water amounted to  about 120 cubic metres per hour 
and th e  a v a ila b le  supply head about 1 metre* The q uantity  of
water elevated  was about 75 cubic metres per hour over the
head o f  1*2 metres*
(8) The hydraulic ram constructed o f reinforced  concrete  
i s  o f  com paratively recent o r ig in  (1933) and i s  due to the
French inventor Grandmange (89)* He claim s that whereas the  
output of water which can be ra ised  by the e x is t in g  rams o f  
ordinary d esign  does not exceed a few hundred ga llon s per 
minute* i t  i s  p ossib le*  by means o f  rams constructed in  
accordance w ith  h is  invention  to r a is e  several hundred cubic 
metres per second* w ith supply heads and flow s which are normal 
fo r  r iv e r s  running in  p la in s*  The main l in e  o f ap p lica tion  of 
th ese  rams i s  the ir r ig a t io n  and drainage o f large  surfaces  
o f  land e s p e c ia lly  in  tr o p ic a l countries*
The idea  o f  Grandmangef s ram i s  shown in  f ig * 46*
The in le t  and o u tle t  channels are made o f  reinforced  concrete* 
w h ilst the v a lv e  sea tin g s  and the va lves them selves are made 
o f  metal* Also* in  order to  Increase the e f f ic ie n c y  o f the  
device* th e passages in  which the water flow s are streamlined* 
The flow  o f  water f i r s t  passes through the b a ttery  o f impulse 
valves* which are held open by springs (not shown in  the  
drawing) and reaches the down stream region* The impulse 
v a lv e s  then close*  the d e liv ery  v a lv e s  open and a portion  o f  
the water contained in  the body o f  the ram i s  e levated  to the  
upper reservo ir*
Fig* 47 shows an a lte r n a t iv e  design  in  which the 
impulse v a lv e  i s  arranged in  a tu r b in e -lik e  manner* A frame 
composed o f two p arts A and B* i s  provided with segmental 
openings and envelops a rotary member C which i s  a lso  provided  
w ith sim ilar openings* The ro ta tio n  o f the member C a lte r n a te ly
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covers and uncovers the ports and thus suddenly m odifies the 
rate  of flow  o f  th e  w ater, th e  d irec tio n  o f ?/hich i s  p a r a lle l  
to  the a x is  o f rota tion #  In r e s u lt ,  a water hammer i s  produced. 
R otation o f  the member 0 i s  au tom atica lly  obtained by g iv in g  
to i t  su ita b le  p r o f i le s  a s w e ll as to the f ix ed  members A 
and B# A good deal o f  research  i s  required to  determine the  
most e f f i c ie n t  design#
(9) The hydraulic ram adapted fo r  u t i l i s in g  t id a l  power.
A hydraulic ram o f sp e c ia l design may be adapted fo r  u t i l i s in g  
water power which i s  not constant in  i t s  a c t io n , such as the 
power o f  the t id e s#  T idal water may be passed through such a 
machine a t extreme high and low t id e s ,  ra is in g  part o f the water 
to  a r e se r v o ir , whence a constant water power may be drawn#
In 1925, Grasset (79) invented a machine u t i l i s in g  th is  
conception and b u ilt  h is  experim ental in s ta l la t io n  at  
B ia r r itz  (88)#
This v a r ia tio n  i s  mentioned as a matter of in te r e s t ,  
but i t  i s  somewhat remote from the main l in e  o f our study#
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X. SURVEY OF TTiPiniCAL RESEARCH TTPCl? THE HYDRAULIC RAK#
The f i r s t  and zxjat elaborate experimental study of the 
hydraulic ram was carried out by E ytelw ein , an eminent German 
s c ie n t i s t  and hydraulician# He made very exhaustive t e s t s  o f  
two hydrau lic  rams referred  to  as la r g e  and small# In a l l ,  
Eytelwein made 1123 experim ents, some with the larger and some 
with the sm aller ram# The r e s u lt s  o f  h is  research are 
contained in  a paper (5) published in  B erlin  in  1805 which 
was g en era lly  accepted as a standard reference work for over 
hundred years# For th is  reason alone i t  w i l l  be d esirab le  to  
examine i t  c lo se ly #
E ytelw ein1 s experim ental rams were made of copper, 
and, as might be expected, th e  lo s s  due to  r e s i l ie n c e  was rather 
extensive#  The la rg er  o f  th e  rams had a h orizon ta l drive pipe 
2**'/6tt in  diam eter, a d e liv ery  pip© l tt d ia« , and an a ir  chamber 
3.23" in  diameter and 12#36rt high# The small ram had a drive  
pipe l rt diameter and a d e liv ery  pipe jp dia# The lengths o f  
the d rive  and d e liv e ry  p ip es , the supply head and the d e liv ery  
head were a l l  freq u en tly  changed w ith in  wide lim its#  In the 
case o f th e  larger rams on which the major part o f h is  research  
was made, the fo llow in g  p a rticu la rs  may be o f  in te r e s ts  
The length  of drive p ipe I* varied from 11§ f t#  to 42j f t#
The len gth  o f d e liv ery  p ipe 1 B n 25f f t#  to 49§ f t#
The supply head H ff * 16§ ins# to  10 ft#
The d e liv e r y  head h B n I 5 j  f t#  to  47§ f t#
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The q u an tity  o f  water .
d elivered  per min* q varied  from 0*0017 c u . f t .  to 1*12 cu*ft
The q u an tity  o f  water
wasted per min* Q * n 0*156 cu .ft*  to  5 .7  c u . f t .
The number o f  p u lsa tio n s per min. varied from 6 to IBS*
The r a t io  o f  b/H " n 1 .53 to 26.28*
The r a t io  o f  9 /q  * w 0*0023 to 0*52.
E ff ic ie n c y  ^4? w w 0*0129 to 0*8485.*4 il
Moreover, in  the above experim ents, there were employed f iv e  
d iffe r e n t  dish-shaped impulse v a lv e s , one o f which had an 
aperture w ith an area o f 3*72 sq*ins* or n early  equal to the 
se c tio n a l area o f th e  d rive pipe* The other four impulse 
v a lv es  had th e  re sp e c tiv e  areas of 1*29 sq .in s* , 3 .46  s q . in s . ,  
3 .49  s q . in s .  and 5 .87 s q .in s .  The d e liv ery  va lve was o f brass, 
and was e ith e r  o f  the type o f  a hanging f la p  or a d isc  v a lv e .
Prom th ese  experiments Eytelwein deduced h is  em pirical 
e f f ic ie n c y  formula
(X .l)
vjhich i s  p lo tted  in  f i g *43*
This ^iows that for a given supply head H, the 
e f f ic ie n c y  decreases w ith  an increased d e liv ery  head h , and 
becomes zero when the r a t io  'n/ZL equals to  31*36* Formula (X*l) 
i s  erroneously cred ited  by some a u th o r it ie s  to  Professor Rankine. 
Professor Gibson, for  example, g iv e s  t h is  opinion in  h is  
textbook on h ydrau lics (78)*
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E ytelw ein ’s em pirical formula fo r  the e f f ic ie n c y  o f  
the ram, takes in to  account on ly  one fa c to r , namely the ra tio  
j*. This i s  fundam entally wrong and i t  w i l l  be shown in  the  
author1 s own research that th e  correct formula for the e f f ic ie n c y  
of th e  hydraulic, ram i s  o f  a much more complex nature# Further, 
the r a t io  ^/H ■ 31*36 i s  by no means th e  upper l im it  which can 
be obtained in  the operation of the hydraulic ram* I t  i s  the 
author’s considered op in ion , that the formula (X*l) should be 
elim inated  from tech n ica l lite r a tu re *
Eytelwein a lso  deduced from h is  experiments the  
fo llow in g  e ig h t r u le s ,  some of which can be found in  numerous 
engineering reference books* These ru le s  are freq u en tly  
m isleading and th erefore  each o f than i s  accompanied by a 
c r i t i c a l  coRffiient*
E ytelw ein1s r u le s ;
(1) !,The t o t a l  q u an tity  Q + q o f water consumed v a r ie s  as the 
square o f th e  diameter D o f the drive p ip e , and i f  60 (Q + q) 
represent the q u an tity  o f water used per minute in  cubic in ch es, 
the diameter o f  t h is  pip© w il l  be given by
D cC60 j f t t i l L- inches (X*2)lOX
I f  Q and q are expressed in  cu*ft* per sec* th is  formula becomes
D * ^1*63 (Q+q) f e e t ” -  (X*3)
This ru le  i s  purely em pirical and expresses without 
the s l ig h t e s t  th e o r e t ic a l foundation the r e s u lt s  o f experiments
— 103 —
on a p articu lar  type of ram* I t  cannot bo used for modern rams 
vdiich vary considerably from E ytelw ein1 s machine*
(2) "The length  L o f the drive pipe depends on Hie d e liv ery  
head h and may bo found from the formula
L * l  + 2j| feet:"  -----------        (X.4)
I t  i s  true that the length  o f the drive pipe depends
on the d e liv ery  head h* but the formula i s  very disappointing*
F ir s t  o f  a l l  the dimensions do not a g ree:- i .  has the dimension 
of length* w h ils t  jl i s  dim ansionless* Moreover* i t  has been 
shown in  ta b le  XV that in  actu a l p ra c tic e  drive p ipes are much 
shorter than the d e liv ery  p ipes and not longer as required by 
E ytelw ein ’s formula*
(3) "The diameter d o f  the d e liv ery  pipe has a subordinate 
in flu en ce  on th e  a c tio n  o f the machine; i t  s u f f ic e s  to take 
a a g-h*fl
This statement i s  approximately true in  the case o f  
short d e liv ery  pipes* I t  has been shown prev iously  that the 
d e liv ery  p ipe may be as long as a few m iles and the choice of 
the appropriate diameter i s  very important# The proper 
s e le c t io n  can e a s i ly  be made by using elementary formulae for 
the lo s s  o f  head in  pipes*
(4) "The aperture o f th e  inpu lse va lve  should have approximately 
the same se c tio n a l area as the driving pipe or s l ig h t ly  larger*w
This ru le  seems to  be correct*
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(5) The Vveight of the impul33 va lve should be as sniall as 
i s  co n s is te n t with s u f f ic ie n t  strength•"
This i s  fundam entally wrong* I t  w i l l  be shown in  
Part I I  that th e  l ig h te s t  impulse va lve  i s  not the best*
(G) "The impulse v a lv e  may be placed under water without 
in te r fer in g  with the e f f ic ie n c y  o f th e machine* A ctually , the 
e f f ic ie n c y  i s  very s l ig h t ly  Improved*11
This i s  an o r ig in a l and u se fu l discovery* The design  
of P f is te r  and Langhauss shown in  f i g *50 i s  based on th is  
p rin cip le*
(7) "The two v a lv es should be located  a s c lo s e ly  together  
as p ossib le*"
This i s  a lso  a u se fu l and important finding*
(0) "The a ir  chamber dim inishes the shocks and 3.ncreases tho 
e f f ic ie n c y  o f the machine# I t  i s  s u f f ic ie n t  to  make the  
cubic contents o f the a ir  chamber equal to  that of the d e liv ery  
pipe#"
The ru le  fo r  the cubic contents o f  the a ir  chamber i s  
m isleading* In th e  case o f  modern rams with long d e liv ery  p ipes  
th is  ru le  would requ ire an a ir  chamber bigger than the ram~house# 
At th e  c lo s e  o f  h is  paper Eytelwein reported on some 
experiments r e la t in g  to  the movement o f the impulse valve# He 
considered four sta g es  o f that movement, namely: t^ -  impulse 
valve open, tg  -  impulse va lve c lo s in g , tg  -  Impulse va lve closed  
and t 4 -  Impulse va lve opening* The average va lu es of these 4
'■* n o
periods compared with the duration of the to ta l  cyc le  denoted by 
T gave the fo llow in g  f ig u r ess  t^ » G*575Tj tg  •  0*140T;
Tq s  0 *2311; t4  s  0.054T.
In 1840, d *Aubuisson (10) suggested the fo llow in g  
formula for th e  e f f ic ia n o y  of a hydraulic ' rams-
(X*5)
The o r ig in  o f t h is  formula i s  most unsatisfactory*  
I)fAubuisson mada only a cursory reading o f  Eytelw ein1 a paper, 
picked up about a dozen o f  h is  b est experimental r e s u lts  and 
modified the o r ig in a l formula of Eytelwein (X*l> • D ^ u b u isson ^  
formula i s  p lo tte d  in  fig * 4 8  and for ^/H le s s  than 2*25 shows 
the v a lu es  o f  e f f ic ie n c y  larger than 1*
In 1863, Morin was resp onsib le  for  a la rg e  t r e a t is e  
on the hydraulic ram (18)* His work, however, i s  not at a l l  
o r ig in a l*  He stud ied  E yteliveinTs experiments very c a r e fu lly  and 
on th e ir  b a s is  deduced several formulae known under h is  name*
2?or the va lu es o f  ^/l£ between 2*5 and 11 Morin 
recommends the fo llow in g  e f f ic ie n c y  formula:
3 = « 0 .2 3 3 M 1 2 . 3 -      (X.G)
which is  p lo tted  in  f ig .4 8 .  This formula i s  no b etter  than 
E ytelw ein’s or d TAubuisson!s* Morin a ls o  ca lcu la ted  the  
v e lo c i t i e s  o f  water in  the drive p ipe o f  Eytelwein*s experim ental 
rams and arrived  a t  th e  mean figu re  o f 0*495 m/se o *  Assuming
B.
q h
q k 1*42 «* 0*23
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that th e mean v e lo c it y  o f  water in  the drive pipe i s  0 .5 m/ s e o .  
and th at the impulse va lve  i s  open during 0.575 o f the to ta l  
cycle  as obtained by Eytelw ein , Morin deduced the fo llow ing  
equation of the volume o f water escaped to  waste:
—E 2 .0 .5 0  . 0 .575 s  q
where Q i s  th e  volume o f  escaping water in  cubic metres per 
c y c le .
Prom the above equation he obtained the formula for  
the diameter o f the d rive p ip e:
D b 2 .104 f -------------  -         (X.7)
where D i s  in  m etres.
S im ila r ly , fo r  th e  q uan tity  o f  water ra ised , Korin 
u ses th e  equation
d2 .0*50 • 0 .231  ® q
where 0*50 i s  the mean v e lo c ity  o f  water in  rr /sec., 0.231 i s  
a fr a c t io n  o f a cyc le  during which water* i s  ra ised  and q i s  the 
volume o f  water ra ised  per cy c le  expressed in  cubic m etres.
From th e above equation Korin obtained the formula 
fo r  th e  diameter o f  th e  d e liv ery  p ipe:
d * 3 .52  J^°q~ (in  metres) -  (X.8)
Formulae deduced by Eytelw ein, DfAubuisson and Morin 
are freq u en tly  th e  on ly  source o f inform ation which can be 
found in  engineering reference books. Needless to  say their  
b a sis  i s  too  u n sa tis fa c to ry  to be o f  any use for  modern rams.
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Walker Fyfe (7 5 ) , who b u ilt  many hydraulic ram in s ta lla t io n s  
in  th is  country, confirms that he found Eytelwein*s and 
d *Aubuisson*s formulae o f no use whatever*
In  1864, Tresca (19) conducted in te n s iv e  experiments 
on B olee*s ram sim ila r  to  that shown in  fig*12  and observed that 
the reduction  in  the length  of the stroke o f th e impulse valve  
led  to  improvement in  the e f f ic ie n c y  o f  th e  machine*
In  1892, Schabaver (55) made a s e r ie s  o f experiments 
on h is  s e n s i t iv e  ram shown in  fig*21* He arrived  at two 
con clu sion s: (1) -  th at th e  e f f ic ie n c y  o f  a ram dim inishes with
the Increased r a t io  h/H and (2) -  th a t the e f f ic ie n c y  o f  a ram 
dim inishes as th e  length  of the stroke of the impulse va lve  
increases*
In 1894, P rofessor Carpenter (64) o f  C ornell 
U n iv ers ity  made four t e s t s  on a l § tt dia* o f drive pip® ram in  
order to  determine the len gth  o f  stroke o f th e  impulse valve  
g iv in g  th e  h ig h est e ff ic ie n c y *  His r e s u lt s  showed the hi{Jiest 
e f f ic ie n c y  a t  a 60$ stro k e , where the f u l l  length  of stroke
was 15/ i 6 in s*
In 1898, Richards (49) reported on some experiments 
in  which i t  was found th at th e s l ig h te s t  amount o f a ir  introduced 
in to  the d rive p ipe would stop the actio n  o f th e ram*
In 1899, professor Church (5 6 ), o f C ornell U n iversity  
made a few experiments on a sm all ram of Gould*s type sim ilar  
to that shown in  f ig .2 3 ,  w ith  a drive pipe f" in  diam eter. He
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found that th e  reduction o f the length  o f  the stroke o f the  
im pulse va lve  le d  to  improved e f f ic ie n c y .
In  1900, Clark (52) recommended the fo llow ing  formula 
for th e  diameter o f the drive pipe
p n ~  '
f \ l a  ---------------------------------------------------------------- (X.9)
where
D * diameter o f  the d r iv e  pipe in  in ch es,
G * g a llo n s per minute a v a ila b le  at the supply tank,
L s len gth  o f th e  d rive p ipe in  f e e t ,
H s  supply head in  f e e t .
The above formula seems to  have a much b etter b a sis  
than the p rev io u sly  d iscu ssed  formulae o f Eytelwein and Morin 
fo r  th e  diameter o f th e  d rive p ip e . A formula o f the type 
(X.9) can be e a s i ly  deduced from the basic formula for the  
lo s s  of head. For the diam eters o f d e liv e ry  p ip es , Clark, l ik e  
E ytelw ein , recommends h a lf  th e  diameter o f th e  drive p ip e .
For fin d in g  th e  proper len gth s o f drive pipes when 
the d ista n ce  between the ram and the d elivery  tank does not 
exceed h a lf  a m ile , Clark suggests th e  fo llow in g  ta b le , in  
which H denotes th e  a v a ila b le  supply head in  f t . ,  h the d e liv ery  
head in  f t . ,  1^ length  o f th e  drive pipe when h does not
exceed 100 f t . ,  Lq len gth  o f  drive p ipe when h exceeds
100 f t .
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H 2 5 4 5 6 7 8 9 10 _
3.oh  2 . oh 2.65h 2.45h 2.25h 2.oh 1.85h 1.65h 1.5h
Lq S .5h 3.25h 3 .Oil 2.8h 2.6h 2,5h 2.25h 2.1h 2.oh
Clark p o in ts  out that large  numbers o f  rams are f i t t e d
w ith  d rive  p ip es much shorter than th ose  g iven  above.
Clark madd a s e r ie s  o f experiments to  a scerta in  the  
in flu en ce  o f  th e  length  o f th e  drive p ip e . He used a very  
sim ple ram made by h im self with a d rive  pipe o f l ” diameter.
He operated th is  ram w ith three separate drive p ipes o f  lengths  
7 f t .  10 I n s . ,  15 f t ,  and 60 f t .  4 in s .  r e sp e c t iv e ly . His 
experim ents showed that the increased length o f the drive pipe  
resu lted  in  increased e f f ic ie n c y  and a marked decrease in  the 
number o f  p u lsa tio n s per minute.
Moreover, in  each case Clark varied  the r a t io  la/lI and 
found th a t th e  in crease o f  th is  r a t io
a) reduced th e  number o f  p u lsa tion s o f the impulse v a lv e ,
b) reduced the q u an tity  o f  water escaped Q,
c) reduced th e  quan tity  o f  water d elivered  q ,
d) reduced the e f f ic ie n c y .
In  1922, Anderson (74) reported on experiments carried  
out on a 4 - inch ram o f  the type shown in  f ig .I G .
His experiments w ith the weight of th e  impulse v a lv e . 
J u s t if ie d  th e  conclusion  that th e  lig h te r  the va lve the hi{Jaer 
the e f f ic ie n c y .  A lso , a lig h ter  v a lv e  reduced th e  quantity  o f  
water d e livered  and increased  th e  number o f p u lsa tion s per
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minute* The r e su lt  o f  experiments upon the e f fe c t  of varying  
the len gth  o f  stroke o f  the impulse v a lv e  led  to the conclusion  
that in creasin g  the stroke in creases the quantity  o f water 
d elivered  but reduces the e ff ic ie n c y *
Anderson a lso  experimented with d e liv ery  v a lv es o f  
b a ll  and mushroom type* The weight o f  th e  d e liv ery  va lves  
appeared not to be o f  great importance* With regard to  the stroke \ 
and area o f th e  d e liv e ry  va lve  i t  has been found good p ra ctice  !
to  allow  one square inch of area through the va lve for every 
ga llo n  to be d elivered  per minute*
A s e r ie s  o f  experiments was made to a scerta in  the  
best proportion o f the len gth  o f  th e  drive p ipe I» to  th e  j
supply head H a v a ila b le . Andersonfs conclusion i s ,  that the  
greater the r a t io  ^/H the b e tte r  the e f f ic ie n c y  and the range 
o f operating the ram under the increased r a t io s  o f  ^/H* With j
a short d r iv e  p ipe on ly  a low r a t io  *YH can be obtained. j
According to him* th e  b est  r e s u lt s  are obtainable with drive 
pipes having a length  from s ix  to  ten  tim es the supply head.
Xn 1934, a Japanese in v estig a to r  TFtahara (90) 
reported on some experiments made on a 2 -in s*  Goulds ram, 
with the ob ject o f  studying the pressure h is to r y  and the |
impulse v a lv e  movej^nt* He observed that the sum of the time I
o f  th e  im pulse va lve  remaining open and th e  time for c lo s in g , i
; i!
i s  n ea rly  constant for a l l  heads* The curve o f the duration
o f a p eriod  during which the impulse v a lv e  remains closed  i
expressed as a fu n ction  of h/n  resem bles the curve o f expansion  
o f g a s .
Tile f a c t s  observed by the in v estig a to rs  referred  to 
in  th is  se c tio n  cannot be properly appreciated without the  
th e o r e t ic a l background. Many o f  th e ir  observations w i l l  become 
q u ite  c lear  in  the l ig h t  o f  the author*s theory developed in  
Part IX .
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XX# SCTRVgg OF THrfcRTSTICM, RH3UARCII TTPQK TITS HYDRAULIC RAH, 
lb  hag "been sa id  b efore that ib i s  im possible to  
f o r e t e l l  th e  performance o f the hydraulic rain by th eo re tica l  
methods a lo n e , and the examination o f  past th eories put 
forward by M ontgolfier ( 6 ) ,  V enturoli ( 3 ) ,  la v ie r  (9 ) ,  
Weissbach (4 8 ) , Rankine (2 3 ) , Vigreux (7 0 ) , Mirapeix (5 7 ), 
Lorens (62) and Bergeron (8 1 ) , proves to  be la r g e ly  a study 
o f f a i lu r e s  and approximations# I t  would be a waste of time 
to  d iscu ss  them in  every d e ta il#  To show th e ir  l im ita t io n s ,  
i t  w i l l  be q u ite  s u f f ic ie n t  to  c r i t i c i s e  the assumptions 
made and con^are them with f in a l  conclusions which are 
u su a lly  expressed in  the form o f  an e f f ic ie n c y  formula in  
which q and Q are found by theory# In order to  be a s b r ie f  
as p o ss ib le  th e  method o f graphical in terp reta tio n  i s  
used throughout and for  any p a rticu la r  case we can draw 
v e lo c ity -t im e  curves as suggested by th e o r e t ic a l an a lysis#
A s e r ie s  o f  such curves i s  shown in  fig#49# In th ese  diagrams 
the a b sc issa e  represent time in te r v a ls  and the ord inates the  
va lu es o f  v e lo c ity  o f  water v in  a drive p ip e , the cross-  
se c tio n a l area o f ■‘which i s  A# As Av represents the volume 
o f  water p assin g  through the drive pipe in  a unit o f tim e, 
i t  can be seen that the t o t a l  volume o f water entering the  
drive pipe in  a given in te rv a l of time i s  equal to  A m ultip lied  
by the area under the corresponding curve# In th is  manner i t  
i s  p o ss ib le  to compute th e  q u a n tit ie s  q and Q# For the sake
- 1 1 8 -
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o f c la r i t y ,  v e l o c i t y - t i m e  diagrams are accompanied by the  
diagrams o f th e  corresponding movement o f  th e  impulse 
v a lv e  expressed a s a fun ction  o f the same time in terva ls#
The lim ita t io n s  o f past th e o r ie s  of the hydraulic  
ram are mainly due to  th e ir  fa i lu r e  to  show q u a n tita tiv e ly :
(1) the e f f e c t  o f lo s s  o f  head due to f r ic t io n  and turbulence,
(2) the e f f e c t  o f  th e  length o f  the impulse va lve  strok e,
(3) th e e f f e c t  o f  load a c tin g  on th e  impulse v a lv e , (4) the 
e f f e c t  o f  r e s i l ie n c e  r e su lt in g  from the e la s t i c i t y  o f  water 
and th e d r iv e  pipe and (5) the duration of th e  time during 
which th e  impulse va lve  c loses#
Factor (1) has been com pletely ignored in  the  
th e o r ie s  of V en tu ro li, Havier and Yifeissbach# Factor (2) 
a f fe c t s  not on ly  the lo s s  o f head due to turbulence, but a lso  
the c o e f f ic ie n t  o f drag of the impulse valve# Hone of the  
th e o r ie s  under d iscu ssio n  was s a t is fa c to r y  in  th is  respect#  
Factor (3) was considered by Vigreux and Lorens, who both 
concluded erroneously that the load on the impulse va lve  
should be a s  l i t t l e  a s p ossib le#  Factor (4) was considered  
only by M ontgolfier who was however unable to express i t  
mathematically# Factor (5) was considered by Vigreux and 
Bergeron, who reached on ly  approximate so lu tion s#  A ll other 
w riters  assumed that th e  impulse va lve  c lo se s  in stan tly#
The determ ination o f th is  fa c to r  i s  very important, as in  the  
case of higher d e liv ery  heads a larger proportion o f  water
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discharged during th e  a cce lera tio n  escapes a s  th e impulse 
va lve  c lo ses#
We w i l l  now examine in  so me d e ta i l  the th e o r ie s  
referred  to  previously#
The e a r l ie s t  known theory i s  due to M ontgolfier  
h im se lf (6) and was published in  1808# As t h is  theory i s  not 
mentioned in  any o f  the subsequent p u b lica tion s the present 
w riter appends th e  fo llow in g  quotation  expressing the views o f  
the inventors "11 y a quatre ^poques b ien  d is t in c te s  dans une 
revo lu tion  du b e lie r  hydrauiiques dans la  premiere l e s  
soupapes d farret s fouvrent, I ’eau s f eco u le , l e  b e lie r  s ,anime, 
e t quand la  fo rce  e s t  sufficem ent a'ccumul^e, l e s  soupapes se  
ferment* Bans la  seeonde, l e s  soupapes d*arret e t  dtasoension  
sont ferm ees; tous l e s  corps e la s tiq u es  se compriment# Bans 
l a  tr o is llm e  epoque, l e s  soupapes d ?ascension  s fouvrent, 
l feau s f in tr o d u it , la  force  s fem plole, l e  b e lie r  perd sa v ie  
et l e s  soupapes se referment* E nfin , dans la  quatrieme, le s  
corps e la s t iq u e s  contenu dans l e  b e l ie r ,  qu i s ’eta ien t  
comprimes a la  seconde ^poquo, sont so u s tr a its  a c e t te  
com pression, reprennent le u r  p o s it io n  ord in a ire , renvoient 
l f eau v ers sa source e t  l e s  soupapes d farret vont s ’ouvrir  
de nouveau#"
In other words, M ontgolfier d iv id es h is  cyc le  in to  
four periods# During th e f i r s t  period t^ th e  impulse v a lv e (s )  
i s  open, water a c c e le r a te s  and flow s out# When s u ff ic ie n t
fo rce  i s  accumulated the v a lv e  c lo ses#  In the second period  
tg th e  impulse and d e liv ery  v a lv e s  are c losed  and the energy 
o f impact s tra in s  a l l  e la s t i c  parts o f the machine# During 
the th ird  period t 3 the d e liv ery  va lve  opens, water flow s in to  
the a ir  chamber and in  turn the d elivery  v a lv e  c lo ses#  In  
the fourth period  t^ , th e  water and e la s t ic  parts o f the ram 
which were stra in ed  during th e  second period regain  th e ir  
I n i t ia l  co n d itio n , th e  water rebounds towards the source 
and a s  th e  period  ends the impulse va lve i s  reopen, beginning  
anew  cycle*  Graphical in terp re ta tio n  o f Mont g o lf  i e r ’s cycle  
i s  shown in  fig#49A# M ontgolfierf s mathematical treatment 
o f h is  theory i s  on ly  approximate and he did not develop any 
d e f in i t e  formulae# The most Important fa c t  emerging from 
h is  theory I s  th a t a t  th e end o f  th e period o f  a cce lera tio n  
there I s  a lo s s  in  the v e lo c ity  of the water due to the 
e l a s t i c i t y  o f  water and th e  drive pipe# This lo s s  was Ignored 
in  a l l  other in v e s t ig a t io n s  fo r  ex a c tly  100 years u n t i l  
Harza (60) considered i t  again  in  1908# I t  should be noted 
that a mathematical expression  fo r  t h is  lo s s  would be 
Im possible w ithout Joukowski’ s (51) and Gibson’ s (58) 
researches on the water hammer#
M ontgolfier should be g iven  cred it for the fo llow ing  
contribution  to  the theory o f the hydraulic rams 
a )  h is  working cyc le  provides a b a s is  for the theory which 
the present w riter proposes to develop and M ontgolfier
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th erefo re  should he considered not only as an inventor  
o f  the hydraulic ram but a lso  a founder o f  i t s  theory;
(2) he i s  th e  f i r s t  to  observe that there i s  a lo s s  by 
r e s i l i e n c e  a fte r  the closure o f  th e impulse va lve;
(3) he is  the f i r s t  to  report on th e  phenomenon o f r e c o i l  
causing th e  opening o f th e  im pulse valve*
Considering h is  lim ited  mathematical powers, M ontgolfier is  a 
good em gp le o f  fta p r io r i*  knowledge gained by in ven tive genius* 
The f i r s t  r e la t iv e ly  correct d if f e r e n t ia l  equations 
of th e  cy c le  o f th e  hydraulic ram are due to  Professor  
V en tu ro li ( 8 ) ,  of Bologne U n iv ers ity , who published h is  theory  
in  1818* V en tu ro li’ s working cy c le  i s  divided in to  four 
p eriod s, which d i f f e r ,  ho?;ever, from M ontgolfier’s* The 
graphical in terp re ta tio n  o f V en tu ro li’ s cyc le  i s  shown in  
fig*49B* During th e  f i r s t  and fourth p eriod s, water in  the  
drive pipe i s  a cce lera ted , w h ils t  during the second and th ird  
i t  is  retarded* V enturoli assumes that during the f i r s t  
period t^ the column o f  water a cce le ra te s  u n t i l  the sudden 
closu re  o f th e  impulse v a lv e . Then during the second period  
tg> the d e liv ery  v a lv e  opens and pumping takes place* At the 
beginning o f  th e  th ird  period tg  the d e liv ery  va lve begins 
to c lo se  and part o f  th e  water pumped flow s back to the 
source causing a reduction  o f  pressure under the impulse valve* 
During the fourth period the impulse va lve opens and 
a cce lera tio n  o f the water column b eg in s once more*
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V en tu ro lifs h ypothesis that the opening o f the  
impulse v a lv e  i s  due to  the back flow  from the a ir  chamber 
i s  erroneous* The explanation  i s  very sim ple: a hydraulic
ram w i l l  operate even when the d e liv ery  v a lv e  i s  com pletely  
closed*
For th e  f i r s t  period t^  during which the a cce lera tio n  
o f th e  water column takes p la c e , Professor V enturoli proposed 
the equation o f motion in  th e  form:
Ldv „  v 2
l e f t  ■ 2  - f j j .................................................................... (X I .l)
where H a supply head over th e Impulse valve* L length o f drive
p ip e , v a v e lo c it y  in  d rive p ip e , g -  gravity*
In tegra tion  of t h is  equation fo r  the condition  that 
t£  a  o when v m o g iv e s :
L .  +  V
yjjgH s  y m  -  ▼
A lso , dQ s  Avdt s  I g   -  -  -  -  (XI,3 )
The in teg ra tio n  of which g iv e s:
Q a  AL lo g   ff a m m m r n - m t m m t m t m m t f m m  (XI • 4)^ 2gH -  v*
I t  w i l l  be noticed  that Professor V enturoli Ignored 
f r ic t io n  in  h is  equations, and consequently h is  so lu tio n s  are 
o f  no p r a c t ic a l use* n ev er th e le ss , h is  method o f attack ing  
the problem i s  on th e  r igh t l in e  and undoubtedly Inspired  
other in v e s t ig a to r s  o f  th e  hydraulic ram* The form o f the
t*  a  -77===r lo g  -----------      (X I.2)
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equation (XI.1 )  g iv es  th e law o f hyperholio tangent and i s  
e s s e n t ia l ly  the same as the equation (IV .l)  solved  in  sectio n
IV.
For the remaining three p eriods Professor V enturoli 
gave on ly  approximate s o lu t io n s . For example, for  the quantity  
d elivered  q he gave the formula
2gti - - - - - - - - - - - - - - - - -  -  IXI.oJ
where h i s  th e  pushing head as shown in  f i g . l .
In  1839, P rofessor Navier (9) o f l fEcole 
Polytechnique de B ru x e lle s , suggested a cyc le  fo r  the  
hydraulic ram c o n s is t in g  o f on ly  two periods t^ and t 2 .
Graphical Infcerprstation o f  t h is  c y c le  i s  shown in  fig .49C *
The c lo s in g  and th e  opening o f  the impulse va lve  are assumed 
to be in stan tan eou s. Equations o f  motion are of ex a c tly  the  
same type a s  V en tu ro li*s, i . e .  fo r  th e  f i r s t  period we have
|  %  * H -  -  - ---------------------------- -  -  -  -  -  (XX.6)
and fo r  the seoond
g SE  ^ £g) (XI*7 )
As in  the case o f  V en tu ro li, f r ic t io n  i s  com pletely
ignored. In tegra tion  o f  th e  above two equations a llow s the
determ ination o f th e  va lu es o f Q and q . A fter s im p lif ic a t io n , 
Havier arrived  a t  th e fo llow in g  formula fo r  the q uantity  
escaped Qt
Q s  A t t f i *  -  AL lo g  4 -------------------------------(X I.8)
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For th e  q uan tity  o f water pumped he obtained
q » a ^  lo g  -      -  -   -  -  -  (XI.9)
where A and a are the cross sec tio n s  o f  drive and d e liv ery  
p ip es r e s p e c t iv e ly  and L and 1 th e ir  lengths*
S u b stitu tin g  equations (X I.8) and (X I.9) in to  
E y te lw ein ^  expression  fo r  e f f ic ie n c y ,  Havier f in a l ly  obtained
This i s  a f a u lty  formula sim ply from the mathematical point 
of view* I f  t-  ^^2gK i s  made equal to  L lo g  4 , the expression  
(X I.10) becomes I n f in i t y .  A lso , i f  h becomes in f in ity ,  
formula"(XI.10) has s t i l l  a value greater than zero . Therefore, 
P rofessor Kavier f s theory must be considered a s  a fa i lu r e .
In 1360, Professor Weissbach (4 8 ) , author of  
numerous works on h y d ra u lics , re ferr in g  to  the th eo r ies  of  
V enturoli and U avier, sta ted  that th e  u se  o f  a n a ly tica l  
methods i s  in s u f f ic ie n t  fo r  the determ ination o f the e f f e c t s  
of th e  machine which always requ ires experim ental r e s u lt s .
He th erefo re  devised  a theory assuming that th e  motion o f  
water in  a d r ive  pipe i s  uniform ly accelerated  and d ece lera ted . 
I t  was proved in  sec tio n  IV (equation IV.7) that for  short 
tim es such an assumption i s  ju s t if ie d *  P rofessor Weissbach 
d iv id e s  h is  c y c le  in to  four periods which correspond to
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V enturoli*s d iv is io n  and are shown in  f i g .  49D# The equation  
of motion covering th e  f i r s t  and fourth  period i s  therefore
|H  - h  ------------ ------------------
For periods o f retardation  t 2 and t^ # the equation o f motion 
assumes th e  form
* *■ h (XX *12)
Using th e  b a sic  formula o f  e f f ic ie n c y  E -  2|L ProfessorQjH
Weissbach arrived  f in a l ly  at th e  fo llow in g  approximate 
formula fo r  the e f f ic ie n c y  o f  the hydraulic ram:
2 2
B - & »  1 - & n * 3 ) .................................... ....  .. (X I.13)
w* (UJ)
that i s  to  sa y , i t  w i l l  approach more c lo s e ly  to  u n ity  the
sm aller th e  r a t io  o f d e liv e ry  head over the supply head and
the sh orter the tim e during which the d elivery  valve remains
open a f te r  the return flow  conmences#
Weissbach1 s attempt i s  b e tte r  than K avier! s but i s
a lso  very im perfect# According to  formula (XX#13) e f f ic ie n c y
becomes 1 when h m o ,  which i s  not the case# The second
f a l la c y  i s  th a t tg  i s  fo r  a l l  p r a c t ic a l purposes n i l ,  and
the e f f ic ie n c y  should accordingly  be one Irresp ectiv e  of the
d e liv ery  head#
I t  was not u n t i l  1868 that a Frenchman Achard (21)
introduced the fa c to r  o f  f r ic t io n  in to  the theory o f  the
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hydraulic ram# The contents o f h is  paper are lim ited  to the 
study o f  th e  a cc e lera tio n  period during which water escapes 
throu^i the impulse valve# Aehard assumes that the res ista n ce  
due to  f r ic t io n  in  the d rive pipe v a r ie s  according to  cPAroy^ 
formula and can be expressed by
where f  s c o e f f ic ie n t  o f fr ic t io n #
The equation o f motion during th e  a cc e lera tio n  
period w i l l  be th erefo re:
2gEH “ R
and f in d s  by in te g r a tio n , w ith the condition  that t  a o when
F
As |r equals the v e lo c ity  o f  steady flow v0# the above equation  
can be re sta ted  as
(XI#14)
(XX#15)
For the purposes o f s im p lic ity  Aehard puts
L
v a o# a formula fo r  th e  time of escape
(n .ie )
Sim ultaneously Aehard deduced th e  formula for the  
q u an tity  o f  water escaped
Q * 2Fg^°S H -  Pv2 " *X I*1 8 *
Aehard*s contribution  to  the theory o f  the hydraulic
ram; although lim ited  to  th e  a n a ly s is  o f one p eriod , should be
considered a s  very important# His formulae were experim entally
confirmed by Harza (60) in  1903*
In 1372, P rofessor Rankine suggested in  a short
published a r t ic le  (23) a p o ss ib le  theory o f th e hydraulic ram#
He was aware o f  th e fa c t  that f r ic t io n  was neglected  in  most
o f th e  previous in v e stig a tio n s  and attempted to  correct th is
error# In h is  own words: "the fa c to r  fo r  r e s is ta n c e  and
o „wasted energy i s  denoted by & #”
The reasoning o f Professor Rankine i s  sim ilar to  
H avierfs as h is  working Gycle a lso  c o n s is ts  o f two periods 
( f ig #  49C)# The laws o f  a cce lera tio n  and retardation  are 
expressed r e s p e c t iv e ly  by the fo llow in g  equations:
(X I.19)
IJ r  * ~ th+28 r )  - ..................... - - - - - - -  (x i.2 o )
By in teg ra tin g  those two equations Professor Rankine 
obtained the fo llow in g  valu es fo r  the q u a n tit ie s  o f water
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which are r e s p e c t iv e ly  run to  waste and forced in to  the a ir  
chamber during each cy c le s
* • r f ' f e j     ..........................
'  = S ^ o g j l  +  f i g  > ................................................. (XI.M )
Hence i t  appears that the e f f ic ie n c y  E •  equals:
( ,  M K 2 v 2 )
K -  |  J-.9 S .L . ..................................................(XI.25)
loS (2ga «. k2v2)
P rofessor Rankine s ta te s  that i t  i s  im possib le to  
determine the value o f  the q u an tity  K2v2 except through 
experim ental t r i a l s  o f  actu a l rams# As a c r i t ic a l  comment 
to  th e  above theory i t  may be pointed out that r e s is ta n c e s  
during th e  a cce lera tio n  and retardation  periods are q u ite  
d iffer en t and i t  i s  in correct to  denote them by the same 
c o e ff ic ie n t  K2 .  Moreover, the above theory i s  based on the  
fa u lty  assumption that th e working cyc le  c o n s is ts  o f  two 
p eriods only#
In  1890 Vigreux (70) put forward a theory in  which 
the cy c le  co n sisted  o f  th ree p eriod s, namely: t^ -  impulse 
va lve  open, tg -  impulse va lve  c lo s in g  and t 3 impulse va lve  
closed# The flow  o f  water in  th e  drive pipe i s  assumed to  
a cc e le r a te  and d ece lera te  uniform ly, which i s  of course only
** 130 »
a f ir s t;  approximation. V igreux1s cy c le  i s  shown in  f i g .  49B. 
Although Vigreux1 s theory i s  on ly  approximate* i t  represents  
an o r ig in a l attempt to  consider th e o r e t ic a lly  the e f fe c t  o f  
the weight o f th e  impulse v a lv e . Vigreux considers the  
impulse v a l v e  as a p la te  placed in  a c y lin d r ic a l current 
and assumes th a t the e f f e c t iv e  fo rce  which tends to  r a ise  
the v a lv e  i s  proportional to  the square o f v e lo c ity  and the  
v a lv e  begins to  c lo s e  when t h is  v e lo c ity  i s  such that
where w e s p e c if ic  w eight of water*
F » projected  area of th e  impulse valve*
Vl# v e lo c ity  a t which th e va lve  begins to close*  
K s  experim ental c o e ff ic ie n t*
P s  weight o f  the valve*
Some d e ta i ls  r e la t in g  to  V igreux1 s theory are given
by G rislou (70)* who a lso  quotes V igreux1 s f in a l  e f f ic ie n c y  
formula as
where vm denotes the maximum v e lo c ity  o f  th e  water a tta in ed  
at th e  moment o f  closure o f th e  impulse valve* S i s  the area  
o f th e  impulse valV9 box* D the diameter o f th e  drive pipe* 
w h ilst  w* F* K and P have meanings a s  in  formula (X I.2 4 )•
V igreux1 s e f f ic ie n c y  formula does not depend on the
(X I.24)
(XI. 25)
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d e liv e ry  head h which i s  an obvious error; a ls o ,  i t  suggests  
that for  maximum e f f ic ie n c y  th e  weight P o f  the impulse 
v a lv e  should be a s  l i t t l e  as p o ss ib le  which i s  not always 
the ca se , e s p e c ia lly  bearing in  mind th at vm i s  a function  
o f  P*
In 1907, Mirapeix (57) published a theory in  which 
the working c y c le  c o n s is ts  o f four p eriods as o r ig in a lly  
proposed by V enturoli and shown in  f ig .4 9 B . Mirapeix*a 
equation of motion for th e  periods t^ and t^ during which 
the water a c c e le r a te s  i s  o f th e  type*
gg  -  (X I.26)s' H -  H a )2 . r
A|where ~  i s  the r a t io  o f  the cross se c tio n a l area o f the drive  
pipe over the free  area o f the impulse v a lv e , w h ilst B 
rep resen ts the fa cto r  o f  f r ic t io n a l  r e s is ta n c e  in  the drive  
p ip e . For the periods tg and tg  during which water i s  
retarded, Mirapeix uses an equation o f  the form:
I S  = - [tb4hV> 4 B l | ......................... <XI*27>
where hv represents lo s s  due to  a d e liv ery  v a lv e .
M irapeix1 s e f f ic ie n c y  formula i s  o f  the type:
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?/here K la  a c o e f f ic ie n t  sm aller than 1* and Q4 are  
q u a n tit ie s  o f  water flow ing  out and in to -th e  drive pipe  
during the p eriods t^ and t 4* Mii*apei3 *s theory has the
same lim ita t io n s  as V en tu ro lifs# Both are based on the
/
erroneous assumption that the opening of the impulse va lve  
i s  due to  the flow  of a quan tity  o f  water Q4 from the a ir  
chamber in to  the d rive  pipe#
In  1910, Lorens (62) worked out a theory o f  a 
c y c le  c o n s is t in g  o f two periods a s  in  the case o f Havler 
and Rankine# The main improvement d iscern ib le  in  Lorenz*s 
attempt i s  th e fa c t  that he considered th e  reduction o f the  
v e lo c ity  o f  th e  water a fte r  the sudden c losu re o f the  
impulse valve# This i s  shown in  flg#49C* Lorenz, however 
f a i le d  to  determine th e  magnitude o f that reduction o f  
v e lo c ity #  His reasoning i s  based on th e assumption that 
when a column o f water and v e lo c ity  v^ impacts on another 
column o f  water o f the length and v e lo c ity  n i l ,  both 
columns move together w ith a cer ta in  v e lo c ity  vg which can 
be determined from the equation o f  conservation o f  momentum:
v l  •  (Sa* L8) v2 -  - -  - -  - -  - -  - -  - -  (X I.29)
from which Lorenz deduces
Vg — fek I , 1  -|- mm mm mm mm mm mm mm , mm m mm mm mm mm m m •  (XI#30)
The e la s t i c  p rop erties o f water and the drive pip©
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are thus com pletely ignored# Lorenz a lso  considered  
th e o r e t ic a lly  th e  e f f e c t  o f  the weight o f  the impulse va lve  
and came to  th e  conclusion s i m i l a r  to V ig reu x * si# e#  that 
the lig h te r  th e  v a lv e  th e  higher the e ff ic ie n c y #
ram i s  due to  P rofessor Bergeron (8 1 ) , o f  l rEcole des Arts et 
M etiers in  P a r is , who suggested in  1928 a cy c le  shown in  f ig #  
49F* H is a n a ly s is  I s  based upon the d iv is io n  o f  a working 
c y c le  in to  th e  fo llow ing four periods:
Period t i  s development o f the v e lo c ity  o f  the water in  the  
drive pipe# The mathematical so lu tio n  i s  based on the equation  
d iscu ssed  p rev io u sly , namely
where A i s  the area o f  th e  cro ss se c tio n  o f the drive p ipe , 
a the area o f  the aperture o f  th e  impulse va lve and k  a 
fa c to r  denoting fr ic t io n #  A fter in teg ra tio n , the r e s u lts  are 
e s s e n t ia l ly  th e same a s  those obtained by other in vestiga tors#  
Period tg>: c lo su re  o f  the impulse valve# P rofessor Bergeron
assumes that the c lo su re  i s  uniform and takes p lace  in  the time 
T* On th is  assumiDtion he transforms the equation (XI#31) in to
The la t e s t  known mathematical theory o f a hydraulic
(XI.31)
4 k Z (XI.32)
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Period t g s d e liv e r y  against the head h . Here the equation  
employed i s  s im ila r  to  th ose  used by llav iar, Hankine, Kirapeix 
and Lor enz, namely
| i i  s - [n + d+ic1) | |  - - - - - ............... (xi.33)
where k^ denotes the fa cto r  o f fr ic t io n #
Period t 4 i opening of the impulse valve# With regard to t h i s ,  
Professor Bergeron made no attempt to find  a ra tio n a l so lu tio n , 
f o r ,  in  h is  own word s i  WI1 e s t  im possib le de sommettre c e tte  
phase a un c a lcu l theorique p rec is# 1*
The f in a l  r e s u lt  o f  the above theory i s  expressed  
in  the fo llo w in g  formula fo r  the e ffic ien cy ?
1 log [l+m2 (1 +kx) §j - K ^O,C05\|~x7|+oi>^« _ h 1 4-k-k 
H * *~1
Mi ere
l0s ' 1 - B^ a+ir* * [ - - 0 ^l ^ k  m KT ( 1 4 - k >
   -  (XI#34)
m •* i#e»  the r a t io  o f v e lo c ity  developed at the
end o f th e  f i r s t  period over th e  maximum id ea l v e lo c ity ;
jr R s  time of impulse va lve dosing r  max# id ea l v e lo c ity
length  o f drive pipe
,  k and k*^  s .  experim ental constants#
The major lim ita tio n  o f  the above theory i s  a 
complete d isregard o f  the e la s t ic  p rop erties  of water and the
drive pipe* In  consequence, formula (XT*34) i s  as erroneous 
as a l l  o thers d iscu ssed  previously#
Although the th e o r e t ic a l in v e stig a tio n s  d iscussed  
in  t h is  se c tio n  have not provided s a t is fa c to r y  f in a l  
co n clu sio n s, the fragmentary success obtained has formed a 
u se fu l foundation without which subsequent study and 
develoximent would be d i f f ic u l t #
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XIX# SmVET OF s c ie n t i f i c  research upon  the hydraulic ram#
Up to  th e time of w ritin g  t h is  paper (1946) there  
were three ra tio n a l in v e s t ig a t io n s  on the hydraulic ram 
based on combined a n a ly tic a l and experim ental study# A ll o f  
them were carried  out a t American u n iv e r s it ie s#  Hie f i r s t  
attempt was made in  1908 by Harza (60) a t the U n iversity  of 
Wisconsin# Unfortunately# Harza designed h is  experimental 
apparatus w ith th e impulse va lve  actuated  not by water in  the  
drive pipe# but by a hydraulic motor# The conditions of  
operation  were thus b a s ic a l ly  changed and h is  conclusions  
may even tu a lly  apply to the R ichardsfs hydraulic machine 
shown in  fig#43# but not to  the automatic hydraulic ram#
However# cred it must be given to  him for experimental 
confirm ation o f th e  laws r e la t in g  to  the unsteady flow  o f water 
in  the d rive p ipe during th e  a cce lera tio n  period# Harza found 
that the th e o r e t ic a l equations d iscussed  p rev iou sly  in  Section  
IV are in  agreement with experiment# To check v e lo c ity -t im e  
fu n ctio n  a s  occurring in  the drive pipe# Harza designed a 
sp ec ia l autographic recording instrument based on the p r in c ip le  
o f the impact o f water on a sm all c ircu la r  d isc  located  
a x ia l ly  a t th e  upper end o f  the d rive  pipe# The flow of water 
in  th e  p ipe produced a downward pressure upon t h is  d isc#
This pressure was conveyed upward by means o f  a l ig h t  rod 
actu atin g  th e  p en c il o f  a recording instrument#
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On the other hand# Harza made some conclusions which 
were not a t  a l l  confirmed by h is  experiments# For example h is  
statem ent: nthe w aste va lve  should be as l ig h t  as con sisten t  
w ith strength  and d u r a b ility 11 seems to be borrowed from 
Eytelwein# The present w riter w i l l  prove that the proper 
ch o ice  o f  th e  Impulse v a lv e  weight i s  o f th e utmost importance# 
The next r a tio n a l in v e stig a tio n  o f  the hydraulic ram 
i s  due to  O^Brlen and Gosline# who carried  out th e ir  study in  
1933 (87) a t the U n iv ers ity  o f  C aliforn ia#  A 1-inch  diameter 
commercial ram o f Coulds type# sim ilar  to  that shown In fig#28  
was used in  th ese  experiments and no a lte r a tio n s  were made 
which would in  any way a f fe c t  th e operating ch a ra c ter is tic s#  
Before ob ta in ing  th e  operating c h a r a c te r is t ic s  o f the ram# 
various hydraulic con stan ts o f  th e  system were measured under 
con d itions o f  steady flow  by hold ing  e ith er  th e  impulse or 
d e liv ery  v a lv e  open as needed# In th is  connection# I t  may 
be questioned whether i t  i s  correct to  a s se s s  lo s s e s  due to  
a d e liv e ry  v a lv e  under the cond itions o f  steady flow# I t  
seems ce r ta in  that th e  sudden opening o f the d e liv ery  valve  
consumes a ce r ta in  amount o f energy#
A n a ly tica l treatment o f  the a cce lera tio n  period was 
carried  out on the l in e s  d iscu ssed  previously# An e n t ir e ly  
new method was employed in  th e  a n a ly s is  of the period o f  
retardation# fo r  It was assumed that the d e liv ery  was 
performed by severa l rapid pressure waves in  the drive pipe
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end not by one surge as u su a lly  b elieved *  The method 
suggested although o r ig in a l i s  rather ted iou s in  p ractica l 
computation and the authorfs own experimental evidence 
presented in  Part XI o f  th is  work i s  aga in st such hypothesis*
The fo llo w in g  are th e  conclusions arrived  at by 
0*Brien and G oslines
(1) From a knowledge o f the b a sic  hydraulic constants measured 
during steady flow* the complete operating c h a r a c te r is t ic s  
o f  a hydraulic ram can be pred icted  with a maximum error 
o f  not more than 15 per cent*
(2) Using cer ta in  em pirical data contained in  other reports* the
. ■ ■ ■ ■ ■ ' ■ ■  "  j
r e s u lt s  obtained from th e  theory developed can be corrected j 
so as to  reduce th e  discrepancy to  l e s s  than 10 per cent* j 
(5) The time o f  a cce lera tio n  should be a s short as is
co n sis ten t w ith producing water hammer waves greater  
than the d esired  discharge head*
(4) The group o f  v a r ia b les  which express the hydraulic
c h a r a c te r is t ic s  o f  the p ipe l in e  (where v0 s  v e lo c ity
l*v0
o f steady flow) should have a value as sm all as i s  
co n sis ten t w ith con sid eration  of i n i t i a l  co st and 
o v e r a ll e ff ic ie n c y *
(5) The r e c o i l  a t the end o f  the period o f a cce lera tio n  has 
an appreciab le e f fe c t  on both th e  waste q uantity  and the 
nunfcer o f  b ea ts  per minute a t high discharge head* j
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Although the in v e s t ig a t io n  of O’Brien and Gosline 
provided a f i r s t  reasonably s a t is fa c to r y  explanation o f  the 
a c tio n  o f  a hydraulic ram* i t  has some lim ita tio n s  due to  
th e ir  a p p lica tio n  o f  a commercial ram fo r  experimental study . 
o f the problem* A number o f  v a r ia b le s  such as the load on 
th e  impulse valve* th e  e f fe c t  o f the type o f d e liv ery  valve  
and the s iz e  o f a ir  chamber were consequently ignored.
Moreover* a t le a s t  two conclusions* namely (3) and (4) are in  
c o n f l ic t  w ith the experience o f  th e present w riter*
Conclusion (3) in d ica te s  that a s  many p u lsa tion s a s  p o ss ib le  
should be obtained# The author operated h is  experimental 
ram w ith over 300 p u lsa tio n s per minute and th e  r e su lts  
were fa r  from sa tis fa c to r y *  In conclusion  (4) O’Brien and 
G osline suggest that th e  drive pipe should be o f  the greatest  
p o ss ib le  length* but here again  the author w i l l  demonstrate 
that the length  o f p ipe d esira b le  i s  not l im it le s s  and indeed* 
i f  i t  i s  too  long* complete stoppage o f the machine may resu lt*  
The la t e s t  known in v estig a tio n  on the hydraulic  
ram i s  th a t by Lansford and Dugan (97) carried  out in  1941 
at the U n iv ers ity  o f I l l in o is *  Experimental data have been 
taken on two "Rife” hydraulic rams sim ilar to  that shown in  
f lg .2 9 *  one having a drive pipe o f 4 -in s*  diameter* the other 
2 -in s*  The rams used in  th is  in v estig a tio n  d iffered  
considerably  In construction  and performance from the one used 
by O’Brien and G osline* The o b je c tiv e  o f the a n a ly s is  was to
determine th e  ra te  o f  pumping and o f  wasting fo r  any 
con d ition  o f  operation* having p rev iou sly  obtained the  
p h y sica l dimensions and th e  experim ental constants o f  the  
apparatus under the con d ition s o f steady flow* Lansford 
and Dugan obtained much valuable data fo r  the p a rticu la r  
type o f  ram* Their in v e s t ig a t io n  has however the same 
l im ita t io n s  as mentioned with regard to  the former study by 
O’Brien and Gosline* In p articu lar*  n eith er o f  the American 
in v e s t ig a to r s  produced th e o r e t ic a l formulae fo r  the  
e f f ic ie n c y  and power obtainable in  the hydraulic ram 
in s ta lla t io n *  which would show c le a r ly  the e f fe c t  o f a l l  
h ydrau lic con stan ts upon the performance o f the machine* 
Without such formulae no r a tio n a l design  i s  p ossib le*
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XXXI* PRELIMINARY CONCHJSIONS*
The e x is t in g  s ta te  o f  knowledge r e la t in g  to  the  
automatic hydrau lic  ram seems to  j u s t i f y  the fo llow ing  
con clu sion ss
(1) The hydraulic ram appears to  be an ideal*  and perhaps 
the o n ly , machine su ita b le  fo r  u t i l i s in g  low f a l l s  o f  
water th a t are otherw ise flow ing to  waste* In  
con trad iction  to p rev a ilin g  opinion* hydraulic rams 
can b e  and have been constructed having ca p a c itie s  
fo r  d ea lin g  w ith com paratively la rg e  volumes o f  water* 
The in s ta l la t io n  o f  larger machines has* however*
been avoided* owing to  the la ck  o f  r e l ia b le  mathematical 
theory enabling a reasonably correct fo reca st o f  th e ir  
performance to be made*
(2) The main l im ita t io n  o f  the th eo r ie s  developed so far  
i s  due to  th e ir  fa ilu r e  to  show q u a n tita tiv e ly  the 
fa c to r s  a f fe c t in g  th e  automatic motion o f  the Impulse 
valve* upon which the performance o f  the machine 
u ltim a te ly  depends*
In the case o f th e  ordinary hydraulic ram in s ta lla t io n *  
i t  i s  p o ss ib le  to  vary the number o f p u lsa tio n s o f the 
impulse va lve  from a few to several hundred per minute* 
e ith er  by a lte r in g  the load a c tin g  on the va lve or 
by ad ju sting  the length  o f  stroke* With regard to  the
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former* almost a l l  previous in v estig a to r s  were o f the 
erroneous opin ion  that the impulse va lve diould be as 
l ig h t  a s  minimum strength requirem ents would allow#
In Part I I  o f th is  th e s is  the author presents a theory  
In which th e  e f f e c t  o f  th e  impulse va lve load and 
adjustment are c le a r ly  shown among the other fa c to rs  
a ffe c t in g  the performance o f the hydraulic ram#
(3) The a tte n tio n  o f  fu tu re research workers i s  drawn to  
the p o s s i b i l i t i e s  of rotary  Impulse v a lv es  evolved on 
th e  l in e s  suggested by Abraham and Grandmange# So 
far  th ere i s  no inform ation upon which th e ir  s c ie n t i f ic  
d esign  can be based#
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INTRODUCTION TO PART I I ,
A thorough survey o f  the e x is t in g  data r e la t in g  
to the autom atic hydraulic ram j u s t i f i e s  the general 
conclusion  th a t in  s p it e  o f  the f ac t  that nearly 150 years 
have ©lapsed sin ce  M ontgolfier1s in ven tion , not a l l  the 
fa c to r s  governing the action  o f  a ty p ic a l hydraulic ram 
in s ta l la t io n  are known* In consequence, the design o f th is  
u se fu l hydraulic mob in© has never been placed upon a 
s c ie n t i f i c  b asis*  The m ajority o f ex is t in g  in s ta lla t io n s  
are b u ilt  by ru le  o f thumb and i t  i s  very doubtful whether 
th e ir  fea tu res  are such that th e  optimum performance i s  
being obtained .
The performance of the hydraulic ram i s  a 
fu n ction  o f many v a r ia b le s  and th e  more important o f  these  
are l i s t e d  below;
1) S ta t ic  supply head H,
2) Diameter o f  d rive  pipe D,
3) Length of d rive pipe L,
4) Thickness of drive pipe w a lls  tp ,
5) Modulus o f e l a s t i c i t y  o f  drive pipe m aterial E,
6) F r ic tio n  c o e f f ic ie n t  of drive pipe f ,
7) Factor of lo s s  o f  head due to bends and o b sta c les  
in  the d rive pipe 21k,
8) Weight o f the Impulse valv© W,
9} Length o f impulse va lve stroke s ,
10) C o effic ie n t o f  lo s s  o f head due to  the impulse
va lve  R /s ) ,
11) C o e ffic ie n t  o f  drag o f the impulse va lve $ ( s ) ,
12) D elivery  head h ,
13) Head lo s s  a t the d elivery  valve hw,
14) Head l o s t  in  the d e liv ery  p ipe h<3*
The ob ject o f  the research  reported on the  
fo llow in g  pages i s  to show how th e  above variab les a f fe c t
the b a s ic  elem ents o f  the performance of the machine, i ,e *
the quan tity  o f  water d elivered  q, the quantity  flowing to  
w aste Q, and the time o f  a complete cycle  T* By th e o r e tic a l  
a n a ly s is  o f th e se  re la tio n sh ip s  i t  i s  expected to  f in d , as 
far a s  p o s s ib le , general mathematical laws ap p licab le  to a l l  
ordinary hydraulic rams*
Some o f the fa c to r s  a ffe c t in g  the performance o f  
the hydraulic ram can be determined on ly by experiment* For 
t h is  reason and in  order to  have a con clusive check on the 
theory developed, the th e o r e t ic a l a n a ly sis  i s  compared with 
the experim ental in v estig a tio n  carried  out on an apparatus 
s p e c ia l ly  designed for the purpose of th is  research#
I* DESCRIPTION OF EXPERIMENTAL-APPARATUS-AND MEASUREMENT OF ITS" PROPERTIES* ^
When th is  in v e s t ig a t io n  was commenced by the
present w r iter , the hydraulic laboratory at the C ollege was
equipped w ith a commercial hydraulic ram in s ta l la t io n , in
which the on ly  variab le  fa c to r  was the d e liv ery  head# This
was ob viously  in s u f f ic ie n t  for the s c ie n t i f ic  study o f the
problem, and i t  was decided to  design  a hydraulic ram
perm itting v a r ia tio n  and con tro l o f  other con d itions a ffe c t in g
the performance o f  the machine# At the same time an attempt
was made to  secure the best use o f  th e  e x is t in g  in s ta l la t io n ,
which contained a number o f  serv iceab le  components such as
the supply tank , the d rive pipe and a cen trifu ga l pump fo r
feed in g  the supply tank*
For t h is  reason i t  was not p o ssib le  to vary the
supply head and the length  o f the drive pipe as i t  would
in v o lv e  considerable and expensive a lte r a t io n s  in  the
laboratory#
However, on account o f  the many fa c to r s  Involved  
some o f  them had to be kept constant. The e f fe c t  o f  the  
v a r ia tio n  o f the supply head and the length  o f drive pipe  
w i l l  be c le a r ly  shown in  th e o r e t ic a l an alysis*
In the design  o f the experimental hydraulic ram 
means were sought by which each o f  the fo llow in g  fa c to rs  could 
be varied  independently; a) d e liv ery  head, b) length  o f stroke
o f th e  impulse v a lv e , c) weight o f  the impulse v a lv e , d)
type o f  the d e liv ery  va lve  and e) the volume o f the a ir  chamber.
I t  was d esired  a lso  to  observe sim ultaneously  
the motion o f  the impulse v a lv e  and the pressure in  the drive 
pipe as a function  o f  time* To th is  end a sp ec ia l recording  
apparatus was constructed*
The general layout o f  the experim ental in s ta lla t io n  
i s  shown in  f ig *  1*
The water operating the experim ental ram i s  
supplied  from the tank (1) and i s  maintained at a constant 
l e v e l  H a 13 f t . ,  measured over the base o f the impulse valve*  
This i s  done by regular observation  o f the mercury TT-tube 
gauge (2) connected w ith th e supply tank and su ita b le  
adjustment o f  the output o f  th e  cen tr ifu g a l pump (15) .  The 
d rive p ipe (3) has a nominal in tern a l diameter D « 2 in s . and 
extern a l diameter 2§w so that the th ick n ess o f  pipe w alls  
i s  3 /16”.  The r a t io  o f  the In tern al radius o f the pipe  
to  i t s  th ick n ess i s  th erefo re  5*33. The drive p ipe i s  made 
o f  wrought iron  and i t s  modulus o f  e l a s t i c i t y  may be taken  
as E * 28 ,000 ,000  l b . / s q . in .  The to ta l  length o f the 
conduit (3) measured from the bottom of supply tank to  the 
o u tle t  of th e  impulse va lve  i s  L * 60.75 f t .  I t  i s  sometimes 
required to  know the len gth  Li measured from the bottom of 
the supply tank to  the d e liv ery  v a lv e . This length  i s  
Li a 60 f t .  A gate v a lv e  (4) was kept f u l l y  open in  a l l
J©
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FIG. I
GENERAL LAYOUT OF EXPERIMENTAL INSTALLATION.
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6experimertfcs ,  except for some time when i t  was desired  to  
determine th e  drag c o e f f ic ie n t  o f  the impulse valve* The 
hydraulic ram i t s e l f  i s  marked ( 5 ) .  Attached to i t  i s  the  
recording apparatus (6) * Water flow ing to  waste passes  
f i r s t  through a tr a n s it  tank (7) * From t h is  tank i t  flow s  
e ith er  to  the ha semen t tank (10) or to  the moveable 
measuring tank (8) # which r e s t s  upon the support (9) immersed 
in  the basement tank* The cap acity  of the measuring tank 
(8) was determined by weighing and resu lted  in  an average 
f ig u re  o f  563 lb* of water fo r  the tank com pletely f i l l e d .
The water d elivered  flow s through the d e liv ery  pipe (11) 
having an in s id e  diameter d s  0*75” and a length  1 * 17 .8  f t .  
Attached to  Hie d e liv e ry  p ipe i s  a th r o tt lin g  valve (12) and 
a Bourdon gauge (13)* U nless measurements were taken with  
the a id  o f  the sm aller measuring tank (1 4 )# the water 
d elivered  was discharged in to  the basement tank* From the  
basement tank th e  vhole o f the water discharged by the ram 
was conveyed to  the supply tank (1) by means of a cen tr ifu ga l 
pump (15) driven  by an e le c t r ic  D.C. motor (1 6 ). The output 
o f  the pump could be con tro lled  e ith er  by th r o tt lin g  the gate  
v a lv e  (17) or by changing the revo lu tion s o f the motor (16)* 
I t  was found that the most e f f e c t iv e  way o f co n tro llin g  the  
pump was by keeping the valve (17) f u l ly  open and adjusting  
the rev o lu tio n s o f the motor according to the in d ica tio n s  
o f the gauge ( 2 ) .
Figure 2 shows the method adopted in  measuring 
the d ischarge of the experimental apparatus! the experiment
with a stop-watch i n  h a n d  i s  ready to s l id e  the measuring 
t a n k s  (8) and (14) under the r e sp ec tiv e  streams of water 
flow ing down to the basement tank*
F i g . 2 .  Method o f measuring the d is c h a rg e *
Figure 3 shows the d e ta iled  e lev a tio n  of the 
experim ental ram and recording apparatus. The e s se n tia l  
part o f  the la t t e r  i s  the drum (18) driven by two small 
synchronous motors ( 19) .  The gear between the motors and 
drum sh aft i s  so designed that the speed o f a paper band 
attached to the drum i s  ex a c tly  100 mm./sec. A Pobbie 
Mclnnes in d ica to r  (20) connected with the impulse valve
- 8 -
FIG.3
DFTAILED ELEVATION OF EXPERIMENTAL 
HYDRAULIC RAM.
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box i s  attached at a su ita b le  d istan ce from the drum, thus 
perm itting  the measurement o f  pressure-tim e v a r ia tio n s with 
an error o f  not more than 0*01 sec# S im ila r ly  with the aid  
o f the p en c il arm (21) attached to  the top o f the impulse 
v a lv e  sp in d le  (22) the motion o f  the la t te r  can be recorded.
The p en c il arm (21) can s l id e  in  i t s  socket and i s  so 
adjusted a s  to  secure p erfect alignment with the ind icator  
( 2 0 )*
In order to make i t  a s  l ig h t  as p o ss ib le , the valve  
sp in d le  (22) was made o f  duralumin. The length o f the valve  
stroke can be varied  by means o f a duralumin nut (25) and 
secured in  p o s it io n  by a s t e e l  lock-nut ( 24) .  In order to vary 
the weight of the v a lv e , a s e r ie s  o f th ick  s t e e l  washers 
(25) was used* These washers were in serted  as required  
between the nut (25) and th e  lock-nut (24)* The to ta l  weight 
of the va lve  sp in d le  (22) ,  nut (23) ,  lock-nut (24) and 
recording p en c il arm (21) was 0*605 lb* Each s te e l  washer (25) 
weighed 0*880 lb* The fo llow in g  to ta l  weights o f  the impulse 
va lv e  were used in  experim ental in v estig a tio n :
(1) Duralumin va lve  without washers 0*605 lb .
(2) rt * and one washer 1*485 lb .
(5)
(4)
(5)
( 6 )
ff two washers 2.560 lb .
If three n 5.245 lb .
If four tt 4.125 lb .
ff f iv e ft 5.005 lb .
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The va lve  box (26) i s  made o f  cast iron and i s
provided w ith  a gun metal s le e v e  (27) to  secure smooth movement
o f the v a lv e  sp indle (22)* The bushing (28) a lso  o f gun metal
prevents d irec t contact between the valve sp indle (22) and
va lve  box ( 26) ,  as  i t  was found that they were otherwise
q u ick ly  corroded. 'Hie p rojected  area of the impulse valve
seat i s  A is 0*045 sq* f t . ,  w h ils t  the in tern a l diameter o f
the bushing (28) i s  2§rt,  i . e .  rather more than the diameter
o f  the d rive  pipe*
In order to  protect the recording apparatus from
sp lash in g , the va lve box (26) was enclosed w ith in  a brass
cover (29) to which a short d ischarging pipe was attached .
Although the body (30) o f the experimental apparatus
was so designed as to  accommodate any type of d e liv ery  v a lv e ,
actu a l experiment was however lim ited  to  one most commonly
used type a s  shown in  the f ig u re  3.
This v a lv e , made e n t ir e ly  o f gun metal, co n s is ts
p r in c ip a lly  o f a seat (31) and a sh ie ld  (32) holding between
them a rubber d is c .  The aperture of the d e liv ery  valve seat
11(31) c o n s is ts  o f  s ix  h o le s , each / l S n in  diam eter. The 
o u tsid e  diameter o f  the va lve seat i s  5 ff so that rubber 
d i s c s  up t o  that diameter could be used .
Some experiments were mad© to  a scer ta in  the e f fe c t  
of the s iz e  and th e hardness of the rubber d iscs  upon the 
performance o f  the machine. For th is  purpose, d isc s  of three
d iffe r e n t  diameters* namely 3% 4" and 5% were used, th e ir  - 
th ick n ess being in  a l l  cases t% Two grades of rubber hardness 
were t r ie d ,  s o f t  -  corresponding to  45° o f  Shore hardness - •
and hard, corresponding to  65° of Shore hardness. A ltogether, 
s ix  rubber d is c s ,  denoted as "345% "365”,  "445", "465",
"545" and "565" were used* In th ese  synfools, the f i r s t  
f ig u r e  r e fe r s  to the ou tsid e diameter and the remaining two 
to the grade of Shore hardness* I t  was ascertained  during 
prelim inary experiments that the d isc "345" gave the most 
s a t is fa c to r y  r e su lts  and i t  was therefore used in  the m ajority  
of experiments*
The d e liv ery  head was produced by means o f a 
th r o tt lin g  va lve  (12) and measured by a Bourdon gauge (13) 
which was c a r e fu lly  calibrated*
The a ir  chamber (33) as shown in  figu re  3 was made 
o f  the standard pipe having an in s id e  diameter o f  6" and 
was provided w ith two flanged connections* The h eigh t o f  th is  
chamber i s  IS" and the le v e l  o f water therein  contained could 
be observed by means o f a g la s s  water gauge (54)* On the 
top o f th e  a ir  chamber a Bourdon gauge (35) was attached*
With the a id  of the water gauge (34) and Bourdon gauge (3 5 ), 
some experiments were made to  a scerta in  the type o f a ir  
compression in the a ir  chamber* This was done by keeping 
the th r o tt lin g  v a lv e  (12) c losed  and charging the a ir  chamber 
by means o f the impulse valve* The r e s u lt s  o f th ese
-  12
experiment;s are shown in Table I :
Volume o f  a ir  V 
in  c u i f t i
Absolute pressure P 
in  lb . / s q . f t * PV f t . l b .
0.131 oO .7  x 144 578.8
0.116 34.6  x 144 579.5
0,099 40.8 x 144 580.3
0.031 49.7  x 144 579.6
0.064 63.5  x 144 586.3
Table 1 .
R elation  between the volume and the pressure o f a ir
"in t3ie~~air "chatter. ’................ 1
I t  can thus be seen that the r e la t io n  between the 
volume and the pressure o f the a ir  contained in  the a ir chamber 
i s  isotherm al a s  the va lu es o f  PV are p r a c t ic a lly  con stan t.
In the la t te r  part o f  the experimental study a 
la rg er  chamber of the same diameter but having a height of  
24% was tr ie d . These experiments are described in  Section  I I I .
Although the experim ental ram was provided with  
an a ir  charging device ( sh if t in g  v a lv e ) , the la t t e r  was not 
used a s  the author considered i t  undesirable to  introduce a 
fa c to r  over which he would have no co n tro l. Instead th erefo re , 
the a ir  chamber was freq u en tly  charged with fresh  a ir  by means 
of an a ir  cock (36) so that in  each se r ie s  of experiments the 
volume o f a ir  th ere in  contained was kept con stan t.
F igures 4-3 show some photographs of the experimental 
apparatus. Figure 4 shows the recording apparatus and i t s
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connection w ith the impulse va lve box. Figure 5 shows a 
view o f the experim ental apparatus as seen from above.
Figure 6 shows the disassembled d e liv ery  va lve  and three s iz e s  
of the rubber d isc s  u sed . Figure 7 shows a general view of 
the experim ental apparatus f i t t e d  with the shorter a ir  
ch arter , w h ils t  f ig u re  B shows i t  as f i t t e d  with the longer 
a ir  chamber. F igures 9-12 show ty p ic a l diagrams obtained  
from the recording apparatus.
Figure 9 shows a very in te r e s tin g  diagram taken  
when the th r o tt lin g  v a lv e  was f u l ly  open. In  th is  case the  
d e liv e r y  head h i s  zero . Head hP shown in  the diagram 
c o n s is ts  on ly  o f the head lo s t  a t the d e liv ery  v a lv e , in  the
d e liv ery  pipe and in  the drive p ip e . The period o f
retard ation  i s  consequently very  long , and in  the case under 
consideration  i t s  duration i s  0 .72  sec* The diagram 
demonstrated that during the period of retardation  the 
d e liv e r y  va lve opens on ly  once, and i t s  opening i s  accompanied 
by a cer ta in  amount o f  v ib ra tion  o f  the in d icator p en cil 
due to  the in e r t ia  o f  i t s  mechanism. Otherwise the pressure  
during the retardation  period i s  almost con stan t. The motion 
of th e  im pulse va lve i s  a lso  shown.
Figure 10 shows a sim ilar diagram, where the
d e liv e ry  head i s  h ■ 1 5 .7  f t*  as measured by the Bourdon
gauge attached to  the th r o tt lin g  v a lv e . The remaining head liP
-  14
F ig .4 . Recording apparatus and i t s  connection  
with the impulse va lve box.
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F ig .6 . Disassem bled d e liv ery  valv-ii.
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over th e s t a t ic  head H Is about 17 f t*
Figure 11 shows a diagram taken at a t o ta l  head 
H + equal to  approx* 2 |2  f t .  Here the period o f
retardation  i s  very short and l a s t s  not more than 0*05 se c .
Figure 12 shows a diagram taken with the impulse 
v a lve  having a length o f stroke o f  only 1 /16” .  The duration  
o f  the t o t a l  c y c le  i s  not more than 0*27 se c . In th is  case 
th e  d e liv e ry  va lve does not open at a l l  and the maximum 
head h as measured by the Bourdon gauge i s  about 68.5  f t .
In order to  compare theory with experiment, 
knowledge of the various r e s is ta n c e s  o f  the experimental 
apparatus i s  a b so lu te ly  e s s e n t ia l .  In the case of the  
hydraulic ram, i t  Is  p o ss ib le  to  reduce the number o f  
experim ental fa c to r s  to  only fou r, namely:
(1) The fa c to r  ( i  + ^ k  4 4^|f) expressing the lo s s  of head 
in  the drive p ipe (without the impulse v a lv e ) , where
1 r e fe r s  to  lo s s  due to v e lo c ity  head,
2 .k  n it i» » » turbulence,
n ii ii ii if f r ic t io n .
(2) The factor  B(s) denoting lo s s  o f head by turbulence
due to the impulse v a lv e . This fa cto r  can be determined 
as a fun ction  o f  a length o f valve strok e.
(5) The fa c to r  ${s)  denoting the c o e ff ic ie n t  o f drag in
th e impulse v a lv e . Knowing the value o f  th is  c o e f f ic ie n t  
i t  i s  p o ss ib le  to  determine the dynamic force acting  
on the impulse v a lv e .
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(4) The head hr lo s t  during the period of retardation*
This depends mainly on th e  lo s s  of head due to  the d elivery  
v a lv e  and d e liv ery  pipe*
(1) Measurement o f  the fa ctor  ( ! 4  2Ck4 4 ^ )
I f  th e  water i s  allowed to  flow  s te a d ily  through 
the d rive  pipe with the v e lo c ity  v f t* /s e c *  the phenomenon
can be expressed by the formula:
II * (1 +2lc + 4 | )  +■ R(s) -  - -  - -  - -  (1 .1 )
By removing the impulse va lve i t  i s  p o ss ib le  to separate
the fa c to r  (1 4 2lk V 4 ^ )  from R( s) • The error involved i s  
very sm all* Without the impulse va lve the value o f the  
fa cto r  ( l - v Z k  + 4 ^ )  equals simply Saj|* A s e r ie s  of 
experiments under a constant s t a t ic  head H ■ 13 f t*  gave a 
mean value of v e lo c ity  o f  steady flow equal to 5*55 ft* /s e c *
The value o f  the fa c to r  (1 +  ZLk4 4^~) i s  therefore:
l  + Z k  + 4rc = — = 27.1> V*5 5*55
(2) Measurement o f the fa cto r  B ( s ) *
After securing the in pu lse v a lv e  in  p o s it io n , the 
length o f  stroke o f  the va lve  sp indle was varied su ccess iv e ly  
by o f  an inch* Table I I  shows the re su ltin g  v e lo c i t ie s ,
obtained under con d ition s of steady flow*
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Length o f  value stroke in  in s . V e lo c ity  in  f t . / s e c .
1/32" 1.97
l / i s " o . 09
3/32" 3.86
1/8" 4.29
5/32" 4.51
3/16" 4.67
7/32" 4.75
1/4" 4.84
9/32" 4.93
5/16" 4.97
11/32" 5.01
3/8" 5.05
13/32" 5.C9
7/16" 5*13
15/32" 5.17
1/2" 5.21
Table I I *
R elation  between the length o f the Impulse va lve stroke 
and v e lo o iiy  o£  steady flo w *
Further increase in  the length of stroke showed the reduction
o f  v e lo c ity  on account o f th r o tt lin g  against the o u tle t  of
the d rive pipe* Therefore, further readings were abandoned
a s  i t  was clear that in  the case of the experimental ram the
v a r ia tio n  o f  the length  o f stroke w ith in  the l im it s  from
0 to £rM covered th e  whole range o f p o ss ib le  v e lo c i t ie s  from
0 to  a maximum value*
Transforming the equation (1*1) in to
R(s) = -  (1 + X k  + 4 ^ )  -  - -  - -  - -  -  (1 .2 )
and su b s titu tin g  i t s  right-hand sid e  by known v a lu es , the
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r e s u lt s  shown I n  Table I I I  were obtained .
i Length o f va lve  stroke  
J in  in s • Turbulence factor  K(s)
1/32" 188.7
1/16" 60.8
3/32" 29.2
1/ 8" 18.4
5/32" 14.3
3/16" 11.3
7/32" 10.1
1/4" 8.7
9/32" 7.4
5/16" 6.8
11/32" 6.3
3/8" 5.7
13/32" 5.2
7/16" 4.7
15/52" 4.2
1/ 2" 3.8
Table I I I .
R e la t ion between fee length  o f the impulse va lve  
¥trbker and" Ya otor IfCs) V
As i t  was expected, the function  R (s), which i s
p lo tte d  in  f ig .1 5 ,  tends to in f in i t y  with the reduction of
the impulse v a lv e  s tro k e . The continuous curve passing
through the p lo tted  p o in ts can be expressed by the em pirical
©cnxstt! ion 5
, « 0 .95 -15 .38
r{s) b S*,4?—i .A»06s..:fc.lP.--------------- .  „ ------------ (i.3)
s
where s i s  a pure number equivalent to  the length  o f the 
impulse v a lv e  stroke measured in  in ch es.
A very in te re stin g  fea tu re o f the equation (1*3) i s
— 2 3 —
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O 95.* 1 ^othe fa c t  that; the expression  10 * * converges very
q uick ly  to zero with the increased length o f stroke and 
a f f e c t s  only very sm all va lu es o f s # say up to  For the
va lu es o f & contained between and §" i t  s u f f ic e s  to  take
R(s) S     _ d ,4 )
s
The " f it t in g *  between the experim ental data and formulae (1*5) 
and (1*4) i s  extrem ely close*  g iv in g  n e g lig ib le  error* This 
i s  I llu s tr a te d  by Table IW
s  ( in  inches) R(s) experimenfcal R(s) calcu lated
1/32 138.7 187.1
1/16 60.8 59.1
3/32 29.2 29.1
1 /3 18.4 19.9
5/32 14.3 15.2
3/16 11.3 11.9
7/32 10.1 10.  0
1 /4 8 .7 8 .7
9/32 7 .4 7.5
5/16 6.8 6 .7
11/32 6 .3 6.0
3/3 5 .7 5 .4
13/32 5.2 4 .9
7/16 4 .7 4 .5
15/32 4 .2 4 .1
1 /2 3 .3 3 .8
Table IV.
Comparison o f  H(s) as obtained by experiment and
(1 ,5 )
(3) Measurement of the fa cto r  l ( s ) .
A change in the length  o f  stroke of th e impulse 
va lv e  a f f e c t s  not only a turbulence factor R (s)# but a lso  a
■■ 25 «
c o e f f ic ie n t  o f  drag $ ( s)* such that there i s  a r e la t io n
W .  5 (s )  A. v .a  .1  _ _ _ _ _ -----------------  (x .5 )
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where
W s  weight o f the impulse va lve in  lb ,
A « projected  area o f  the impulse va lve in  s q . f t ,
Vg s  v e lo c ity  in  th e  d rive pipe causing the closure  
o f th e  impulse va lve in  f t , / s e c ,  
w s  s p e c if ic  weight of water in  l b , / f t , 9 
g » a cc e lera tio n  due to  g ra v ity , 
l(s) s  dim ension!ess c o e ff ic ie n t  o f  drag.
The value o f  the fa c to r
% W ar
* (s)  •  A V2'S-*—  - ..............................  U .6)
can be determined on ly  by experim ent. This i s  done in  the  
fo llow in g  manner. At f ir s t *  the gate valve* marked (4) in  
f ig u r e  1* i s  com pletely closed* Next* the va lve (4) was 
gradually  opened increasing the v e lo c ity  of flow  up to the  
moment when the impulse v a lv e  began to  r i s e .  Then* th is  
c r i t i c a l  v e lo c ity  was measured by means o f d ischarge to  the 
ca lib ra ted  tank (8 ) ,  The measurements were taken a t eight 
p o s it io n s  of the length o f  va lve stroke s* which was varied  
by l / l 6 o f  an inch prior to each reading* Also s ix  d ifferen t  
w eights o f  th e  im pulse va lve  were used so that the factor  
l ( s )  could be v e r if ie d  over a wide range.
The f ig u r e s  shown in  Table V were obtained in  
r e s u lt  of th ese  experiments {using A * 0,045 s q , f t ,  and 
w s  62 ,4  l b / f t , 5 ) .
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s in  ins* W in  lb . Vg in  f t . s e c s . I ( s )
1 /16 0*605 0 .5 1 24.17
1/16 1*485 0.76 29.42
1/16 2 . 565 0.98 28.30 Mean
1/16 3.245 1.12 29.76 23.29
1/16 4.125 1.30 28.01
1/16 5.005 1.38 30.06
1/8 0*605 0.96 7.54
1/8 1*485 1.51 7.40
1/8 2.365 1 .57 7 .76  Mean
1/3 3.245 2.21 7.64 7.59
1/8 4.125 2.48 7.63
1 /8 5.000 2 .77 7.43
3/16 0.605 1 .39 3 . 59
3/15 1.485 2.20 t/i
s / i e 2.365 2 .75 3.58 Mean
3 /1 3 3.245 3 .24 5 .55  3 .50
3/16 4.125 3 .67 3.52
3 /16 5.005 4 .00 3.58
1 /4 0.605 1 .8 3 2.07
1 /4 1.485 2.82 2.13
1 /4 2 . 365 3.64 2 .05  Mean
1 /4 3.245 4.19 2.12 2 .09
1 /4 4.125 ... 4.75 2.10
5/16 0.604 2.16 1.49
5/16 1.485 3 .34 1 .52  Mean
5/16 2.365 4 .33 1 .44  1 .49
5/16 3.245 4.95 1.52
3 /8 0*605 2.39 1.23
0/0 1.485 3 .88 1 .13  Fean
5/8 2.365 4 ,87 1 .14  1.16
7/16 0.605 2.66 0.93 Mean
7/16 1.485 4 .29 0.92 0 .95
1/2 0.605 2.92 0 .81  Mean
1/2 1.485 4.50 0 .31  0 .81
Table V.
Determination o f  the c o e ff ic ie n t  of drag
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The curve o f  SE(s) as a fu n ction  o f  s i s  p lo tted  in  f ig u r e  13. 
I t s  character i s  obviously  hyperbolic and can be expressed  
by an em pirical equation
0.52-6*85s
8 (s ) C.345 - 0 .8 7 5 s + 10 .......................  (1 .7 )
where s i s  a pure number equal to  the length  o f stroke in  
in ch es. The ^fitting** between experim ental data and formula 
(V) i s  extrem ely c lo se  as i l lu s tr a te d  by the ta b le  VI.
1"--- -- ------ -----------------
s ( in  inches) I ( s ) exper im ental c5(s) ca lcu lated
1/16 28.89 28.25
1 /3 7.50 7.75
3/16 5 .55 . 3 .56
1 /4 2 .09 2.15
5/16 1.49 1.54
3 /8 1*16 1 .17
7/16 0 .9o . C.97
j 1/2 0 .81 0.51
Table VI.,
Comparison of S (s) as obtained by experiment and
formula Tl»7TV
With the a id  o f the method used p rev io u sly , i t  i s  now p o ss ib le  
to  determine the experim ental law o f v e lo c ity  in  the drive  
pipe at which th e impulse va lve  begins to  c lo s e . This v e lo c ity  
i s
v 2  - V d f f w Aw(0.545-0.S75s+100 . 5 3 -6 .85s)
-  -  -  -  ( 1. 8 )
This i s  a very imps riant; r e s u l t ,  showing that fo r  a given  
in s ta l la t io n  a proper ohoice of the impulse va lve  weight W
-  28  -
and i t s  length of stroke s requ ires carefu l consideration*
(4) Measurement of  head hr lo s t  during the'period  o f  
r et aFdat io n 7~‘
The head hr lo s t  during the period of retardation
c o n s is ts  o f  three main sources namely: hs -  head lo s t  in
the d r iv e  pipe (u su a lly  sm all) ,  hv -  head lo s t  at the
d e liv ery  v a lv e , and h<3 -  head lo s t  in  the d e liv ery  pipe*
The magnitude o f  hv can he observed from indicator diagrams,
sim ilar to  that shorn in  f ig * 10*
In  each diagram, the to ta l head R + h + h r  developed
during the period of retardation  can be c le a r ly  seen* As
H and h are known, hj, may be e a s i ly  determined. In the case
under con sid era tion , th is  method could not be applied fo r
d e liv ery  heads exceeding 60 ft*  as the in d icator diagrams
became obscured by the v ib ra tio n s of the ind icator pencil*
Employing the shorter a ir  chamber and the d isc
”345”,  the e:jq>erimental va lu es of head lo s t  during the
retardation  p er io d , observed with various v e lo c i t ie s  v^ and
severa l lower d e liv e r y  heads are shown in  the ta b le  V II,
Head lo s t  &r in  f t*
V e lo c ity  v2 h « 1f t . h * 15ft* h » 2 9 f t . h * 4 3 ft . h b 5 7 f t .
1*87 f t . / s e c * 15*0. 17.0 14.0 14.0
2.39 M • - 17.0 15.0 14.0
3.24 n •r 17*0 17.0 20.0 14,0
3 .34 n 17 .5 17.0 17.0 15.5 15.0
3 .64 n 17 .4 17.0 17.0 17.0 18.0
4* CO tt 19.7 19.5 17.0 18.0 18.5
4 .53 if 19.5 19.5 19.0 16.5 18.5
4.75 »t 19.0 19.5 17.0 18.0 18.5
Table VII*
Measurement o f head hr*
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I t  can be seen that for the increased d elivery  heads the  
va lu es o f  h7 tend to  decrease. They seem to  increase with 
the increased  v e lo c ity  o f  water Vg at the in stan t of the  
impulse va lve c lo su re . For the purposes o f  s im p lic ity ,  
th e average maximum value o f  hr w il l  be taken as 18.5 f t .
With th e  increased d e liv ery  head hr must decrease, because 
there i s  always a certa in  d e liv ery  head h^ov. for which theEQaA
d e liv e ry  va lve  does not open at a l l .  To estim ate the value  
o f hr for  higher d e liv ery  heads, i t  w i l l  be assumed that
hp ® 18.5  (1 — ^ I ) m i * —— ( X .9 )
amax
which agrees s a t is f a c t o r i ly  with previous experimental data.
I t  can be seen that hr becomes zero when h » va3*u®
o f h ma:K w i l l  be determined in the next sec tio n  dealing  
w itil th e o r e t ic a l a sp ec ts  o f the problem.
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I I .  , THEORETICAL CYCLE OF OPTgRATICN OF THE HYPRAHLIG RAM.
In  a work of academic character one i s  n a tu ra lly
in c lin ed  to  u s e  th e  three fundamental u n its  o f  Mass, Length 
and Time* However, a s  the p r in c ip a l u n its  r e la tin g  to the  
phenomenon o f water hammer, w ith  which th is  in v estig a tio n  
i s  c lo s e ly  connected, are derived from the tech n ica l system  
o f Force, Length and Time, th is  la t te r  w i l l  be adopted*
In the course o f  our inquiry frequent reference w i l l  be made 
to such terms as pressure, s p e c if ic  weight o f water, bulk 
modulus o f  w ater, modulus o f e l a s t i c i t y  o f  pipe m ateria l, 
and v e lo c ity  o f  a co u stic  wave in  an e la s t ic  medium* A ll these  
commonly accepted u n its  are derived from the tech n ica l system  
of Force, Length and Time* C lea r ly , there i s  no advantage 
whatsoever in  converting them in to  the u n its  o f  fundamental 
system.
The fo llow in g  n otation  w il l  be employed throughout 
the th e o r e t ic a l a n a ly s is  o f the problem;
Symbol D efin itio n  Dimension
2A Projected area o f the impulse valve seat Ft*
C . V e lo c ity  o f  a cou stic  wave in  an e la s t ic
medium F t./Sec*
° i t Constants o f  in teg ra tio n Dimension! ess*
D Diameter o f drive pipe
d Diameter o f  d e liv ery  pipe F t .
F t .
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lymbol D efin itio n Dimension
0 C o effic ien t o f  r e s t itu t io n Dim ensionless
E Modulus o f  e l a s t i c i t y  o f  drive pipe  
m aterial Lb ./ in ?
f F r ic tio n  c o e f f ic ie n t  o f d r ive  pipe Dim ensionless
f£(s) Drag c o e f f ic ie n t  o f the impulse v a lv e Dim ensionless
8 A cceleration  due to  g ra v ity  (52*2) F t,/S ec?
h D elivery  head measured above the le v e l  
o f  supply water F t .
h0 Level o f water in  the a ir  chamber 
measured over the base o f the  
impulse va lve F t.
h s Head lo s t  in  the drive pipe during retardation  period F t.
hv Head lo s t  a t the d e liv e ry  valve F t.
ha Head lo s t  in  the d e liv ery  pipe F t .
hj* The sum o f  hs<f hv and h^ F t.
hmax Maximum d e liv ery  head developed by 
the ram F t.
H S ta t ic  supply head measured above 
the impulse va lve F t.
Z k Sum o f  c o e f f ic ie n ts  o f  turbulence 
lo s s e s  in  the drive p ipe (due to  
bends and ob sta c les) Dim ensionless
E Bulk modulus o f  water L b ./in . 2
KX V irtu a l bulk  modulus o f  water and 
pipe L b ./in .2
L Length of d rive  pipe measured from  
supply tank to  the impulse va lve F t .
% Length o f d riv s pipe measured from supply tank to  the d e liv ery  va lve F t .
D efin itio n Dimension
P o isson fs r a t io  Dim ensionless
Power developed F t . l b . / s e c .
Q uantity o f  water d elivered  per cyc le  Lb.
Part o f  Quantity q tem porarily stored  
in  the a ir  chamber Lb.
D ifferen ce  between q and qQ I.b.
Q uantity o f  water flow ing to  waste per 
cyc le  Lb.
Quantity o f  water flow ing to  waste 
during period 2 Lb.
Quantity o f  water flo?/ing to waste 
during period 5 Lb.
C o effic ien t o f lo s s  o f  head due to 
th e impulse va lve  Dim ensionless
Length of impulse va lve stroke In .
Time in  gen eral Sec.
Duration o f period n (where 
n s  1 ,2 ,3 ,4 ,5 ,6 ,7 )  Sec.
Duration o f a complete cy c le  S ec.
Thickness o f  d rive pipe w a lls  F t.
Volume o f  a ir  in  a ir  chamber F t.^
V elo c ity  in  general F t ./S e c .
V e lo c ity  of water in  the drive pipe at 
the end of period n (where
n 2 1,2 ,3 ,4 ,5 ,6 )  F t ./S e c .
S p e c if ic  weight of water (62 .4) L b ./f t
Weight o f  the impulse va lve Lb.
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Symbol D e fin itio n  Dimension
E ffic ie n c y  Dim ensionless
y D istance tr a v e lle d  by the water
column in  th e  drive pipe due to  
r e c o i l  Ft*
The th e o r e t ic a l a n a ly sis  o f the operation of the 
hydrauliG ram can be best studied with reference to  f i g , 14 
representing simultaneous v a r ia tio n  with time o f the motion 
of th e  impulse v a lv e , v e lo c ity  of th e  water in  the drive pipe 
and pressure in the same.
The to ta l  time T o f each cy c le  o f operation co n s is ts  
o f  two main p eriod s, namely the period of a cce lera tio n  and 
retardation* Broadly speaking, during the period of  
a cce lera tio n  the p o te n tia l energy of water in  the supply tank 
i s  transformed into the k in e tic  energy. During the period of 
retard ation  part o f  t h is  k in e tic  energy i s  expended on the 
energy o f s tr a in  o f water and d rive p ip e , w h ilst the remaining 
part is  converted again in to  p o te n tia l energy in  the form of 
water d e liv ered . The ram may be so adjusted that the whole 
o f  k in e tic  energy w i l l  be converted in to  the energy o f s tra in  
and no water w i l l  be d e liv ered . For the purposes o f  
mathematical a n a ly s is , the period of a cce lera tio n  i s  subdivided 
in to  th ree  sm aller p eriods, t^ , tg  and tg , w h ilst the period o f  
retardation  in to  four, t 4,  tg , tg and t 7.
F igure 14, co n sis tin g  of th ree separate diagrams.
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represen ts grap h ica lly  the phenomena taking p lace Coring 
each o f  th ese  seven periods* The diagram a t the bottom shows 
the motion o f th e impulse va lve during the time T* The 
diagram in  the middle represents v a r ia tio n  o f the v e lo c ity  
o f water in  the drive pipe from ?<7hich the q u a n titie s  Q and q 
can be determ ined. The diagram on the top shows v a r ia tio n  o f  
pressure in  the d rive pipe as observed at i t s  lower end.
Before attem pting the ra tio n a l a n a ly sis  of every 
separate p eriod , i t  w il l  be u se fu l to describe b r ie f ly  the 
phenomena taking p lace during each of them.
Period 1 , The impulse valve i s  open. Due to  the r e c o i l  of 
water a t the end o f the preceding c y c le , the water i s  
separated from th e impulse v a lv e . During th is  period , 
a c c e le ra tio n  o f water takes p lace in sid e  the drive p ipe, 
without any water f  lowing ducts id e . The pressure under th e  
impulse v a lv e  i s  atmospheric or s l ig h t ly  lower.
Period 8 , The impulse va lve i s  open. After returning to  the  
end o f the d rive p ip e , th e  water continues to  a cce lera te  up to  
the moment at which th e  impulse v a lv e  begins to c lo s e . The 
pres stir e head during th is  in terva l i s  th at o f the s ta t ic  head II 
l e s s  k in e tic  and f r ic t io n  head.
Period 5 . V e lo c ity  of water i s  such that the force  actin g  
on the impulse valve i s  greater than i t s  w eigh t. The impulse 
valve begins to  c lo se  and i s  com pletely closed  at the end o f  
the period , w h ilst  the a cc e lera tio n  o f  water con tinu es. The
pr-3ssure in  the drive pipe r is e s  n e g lig ib ly  and at tne end 
of the in te rv a l i s  equal to that of the s t a t ic  head II.
Period 4 . The impulse va lve is  com pletely closed  and abrupt 
retardation  takes p lace , causing the d e liv ery  va lve to open. 
V elo c ity  in  the d rive pipe i s  reduced in  proportion to the 
pressure (h 4-hr ) generated in  excess o f the s ta t ic  head H. 
part o f th e  k in e tic  energy i s  converted in to  the energy o f  
s tr a in .
Period 5. The impulse va lve remains closed  w h ilst the  
d eliv ery  v a lv e  i s  open. The remaining part o f the k in e tic  
energy i s  exhausted in  pumping water strained under the t o ta l  
head (H*^h *bhr ) ,  w h ilst  the d e liv ery  valve gradually c lo se s  
and i s  com pletely closed  at the end o f the period .
Period 6 . As the d e liv ery  va lve i s  c lo sed , the water and 
drive pipe w a lls  strained  during the two preceding periods  
return now to the i n i t i a l  pressure head H. In consequence, 
the water in  th e  drive p ips acquires a certa in  negative  
v e lo c it y .
Period 7 , The impulse valve opens under i t s  own weight and 
the d ifferen ce  of pressure acting  on the valve seat caused 
by the r e c o il in g  water which moves away from the v a lv e .
The phenomena described above w il l  become clearer  
when treated  a n a ly t ic a lly  in the subsequent d iscu ss io n .
Analysis  o f  per iod  l .
At the beginning  o f  p e r io d  1, t h e  water  in  th e  
d r iv e  p ip e  i s  a t  r e s t  f o r  an in s t a n t*  Due to  the  r e c o i l  of 
water  dur ing  the  p receding  cy c le ,  th e  loiver end of th e  column 
of water in  t h e  d r iv e  pipe i s  a t  a c e r t a i n  d i s t a n c e  y from the  
impulse valve# The magnitude o f  t h i s  d i s t a n c e  w i l l  be 
determined whan d isc u s s in g  p e r io d  7* The water in  the d r ive  
p ipe a c c e l e r a t e s  accord ing  to  th e  equation
H -  (1 4- + 4f£)3L, s  tSZ. (11*1)l » ;2g gat IAX.X/
At t h i s  s t a g e ,  the  f a c t o r  o f  lo s s  of head i s  only  (1 + 2 k 4- 4j£) 
and no t  £ " + Z k +  4 ^ + K ( s a 7  because th e  flow takes  p lace  
in s i d e  th e  d r iv e  pipe and no water flows out#
However, a s  the  .durat ion of  the  per iod  under 
c o n s id e ra t io n  i s  vary  s h o r t ,  because i t  covers only the time 
during  which the  water column r e t u r n s  to the  impulse valve 
overcoming th e  s # a l l  d i s t a n c e  y, i t  w i l l  be q u i t e  i n  order  to  
ignore  t h e  f r i c t i o n  and k i n e t i c  head* This po in t  has  been 
expla ined  in  S ec t io n  IV of P a r t  I#
We may th e r e fo r e  w r i t e  .
H ■ £ 2 -  - - - - - -    - - - - - -----  ( I I . 2)gdt
from which
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Therefore, i f  the v e lo c ity  at the end o f the period is  
v^# the duration of the period i s
LVT
H  - w r -   ...........................................-  -  <IX‘3>
In the above formula the magnitude o f  v^ i s  not yet 
known* Remembering th at SZ. s  v , we may put dt » SjL in  the 
equation ( I I . 2) and obtain
H a ^
s <3y
i
I'
-  hvdv
- *gir
Lv2
dy •  * Cx (w ith in  the lim its  v « o and v »
dy a 0 when v a v^ therefore
T t r ?c , = -  i n .
SgH
and f in a l ly
j”<3y = ifsi - i n
J *=- 2gH
Vtien J*dy * -  y (minus -  on account o f p o s it io n  d irected  
ag a in st th e  normal flow) v * o , and
r v 2
» y a «. from which
V1 _ _ _  —  _ _ _ _ _ _  —  _ _  ( i i . 4)
This i s  the v e lo c ity  with which the water returned to the 
im pulse va lve  a t the end o f period 1 . S u b stitu tin g  formula
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( I I #4) in to  (11*3) i . e .
tn s  SElZi we obtain
gH
I F .......................................  ( " • » )
which g iv e s  the expression  for the corresponding time o f the  
motion*
I t  can be thus seen that the magnitude of t^ and v^ 
i s  a fu n ction  o f hydraulic constants and the r e c o il  y* I f  
there i s  no r e c o i l ,  t^ and v^ become zero* The magnitude of 
the r e c o i l  y depends upon the pressure developed in  the drive  
pipe during retard ation  and w i l l  be d iscussed  in  th e a n a ly sis  
of period 7 .
A nalysis of period 8.
During t h is  period water flow s to  waste through 
th e impulse valve* The i n i t i a l  v e lo c ity  o f water i s  v^, as 
d iscu ssed  p rev io u sly , w h ils t  the f in a l  v e lo c ity  vq corresponds 
to the moment a t which the impulse va lve  begins to r i s e .
This i s  u su a lly  th e lon gest o f  a l l  periods under d iscu ssion  
and f r ic t io n a l  r e s is ta n c e s  must be considered . In th is  case  
the r e s is ta n c e  fa c to r  depends not on ly  upon the f r ic t io n
fa c to r  o f the d rive pipe (1 but a lso  upon the
re s is ta n ce  o f the impulse va lve R (s), which for any impulse 
v a lve  can be determined by experiment as a function  o f the 
length  o f valve stro k e .
40 -
The equation o f  motion during the period 2 i s
th erefore
2
H -  ^  +-2lc +• 4 C g + E (s ]7 ~  ■
Separation o f v a r ia b le s  g iv e s
L dv
L dr -  -  ( I I . 6 )
dt
-  ( 1 + Z k +  4 k + R ( s ) ) v sS-
2gH - J
In tegra tin g  the above w ith in  the l im it s  v ** v^ and v b vg, we
get
   4  ( g
i+ z k + 4 ^ ^ )  ^  \ - vt\ I \
?Jhan J'd'fc ■ 0 t s T j  and ' $
C , = - W
2 .*\l
S 8 ^ - U ci± 5
yfuZ kvA V k  
r .\|K ^ M \ k
I t  i s  now p o ss ib le  to  w rite
■ J U Z V u 4 t ,  • »vji i i ' ^ ^ n T m i
Uuj4 - % , u 'nj ^ ■ ^ -Wlialria!!J
Remembering that vj_ ■ u S ^ 2  we get
V
t j*- jxm zL h-s i e
In the above expression  jd t becomes tg  when v becomes
vg such that W s  § (s )
from which Vg s \C m ZV Awlls)
The c o e f f ic ie n t  l ( s )  can be obtained by experiment
for any type of v a lv e , using the procedure shown p reviously  
in  se c tio n  I* The f in a l  expression  fo r  the duration o f period  
2 i s :
and formula (11*7) becomes simply:
flow ing to  waste during period 2# an elementary quantity  dQ, 
must be determined as a function  o f elementary $ime d t.
The q uan tity  o f  water dQ, escaping during the element o f  time 
dt i s
( I I . 0)
To obtain  the expression  fo r  th e  q uantity  o f water
dQ a vdt a wliD^IiVdv
4 4gH r i - ( u 5 k _ i 4 4-R(s)) v2
-  -  ( I I . 9)
2gH
The in teg ra l of the above w ith in  the l im it s  v^ and
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Vg can be determined as fo llo w s:
csrnyM. o-
jMien JdQ b o  v ■ and
V 41
In  consequence
2<jW
OoVV$\^V-v4ys4'(LK KSVa4*MTO'
v + a u ^ m s
J<3Q becomes Qg when v •  Vg and
~ ^ r  VY2
1
t r W L
~  4 ( W S « 4 f c 4 ^
Remembering th a t Vj_ ■ V£|2IZ and Vg 
we ob ta in  f in a l ly :
2^U * 2^v\ ~
Awlf sr
( i iao)
I f  th ere  i s  no r e c o il ,  y » o and formula (II#10)
becomes
•* 43
' ^ 2 k v \^  v ^  (\vt|^  -
A very important r e la t io n  can be found by putting
 SiS_________  s  wg _ _ _ _ _ _ _  ( tt 1211 -V 4£L + R( s ) Awl( s) m . ir f )
from which
2AIIw$ ( s )
-----------------------  -  ~  ^ -  (11.13)
Xj  '  *
Mien t h is  r e la t io n  occu rs, the impulse va lve w il l  
not c lo se  a t  a l l  and Q becomes in f in i t y .  On the other hand, 
i t  i s  ev ident from formula (11, 11) that i f  W i s  zero Q i s  zero 
to o . I t  th erefore  fo llo w s that the weight o f  th e  impulse 
v a lv e  must s a t i s f y  the cond ition:
0 <W <C 2AHwa.( f j -------------------------------  (11.14)
x l f 2 k +4^  +. r ( s )
Formula (11.12) shows a lso  c le a r ly  that there i s  a 
l im ita t io n  for  the length  of the d r ive  p ipe L« Vtien th is  
length  i s  such that
T v [ s A H w g ( s ) - w f f + I k  +  4^ U  R < 3j Z l p  ( I I > 1 5 )
"  m l
the impulse va lve  w i l l  not c lo se  a t a l l .
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I f  i t  i s  d esired  to ca lc u la te  the v e lo c i t ie s  of- 
water fo r  every in stan t o f the a cce lera tio n  period , the main 
portion  o f which occurs during the in terv a l 2,  th is  can he 
done in  the fo llow ing way* In tegration  o f tne equation of  
motion (11*4) gave as a general so lu tio n  the expression:
O '
In case  o f  flow  s ta r t in g  from complete r e s t : -  t ® o , v •  o 
and Cx * o*
The logarithm ic expression  for t can he expressed  
in  terms o f  an in verse hyperbolic fu n ctio n , such that
l+ £ k  +  4£0+R (s)
from which
2gH (11*16)
V s 2gK -ban h -  -  (11.17)
1 4 + f l {s)  _______
1 r | l+ Z k 4  4 ^ 4 H (s ) j
representing the v e lo c ity  a t any tim e o f acceleration #
A nalysis o f period 5 #
This period i s  com paratively short and in  the past 
has been assumed e ith er  to  he instantaneous or expressed by 
em pirical formulae# I t s  r a t io n a l a n a ly s is  i s  complicated by
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the fa c t  that both water and impulse valve are in motion.
However, using the fundamental equation o f motion (force  * mass 
x a cce lera tio n ) and introducing some mathematical s im p lif ic a tio n s  
i t  i s  p o ss ib le  to  a rr iv e  at a so lu tio n  comparing favourably  
with experim ent. The procedure i s  as fo llow s*  Itien the
impulse v a lv e  begins to  c lo se , the water in  motion has the
v I Wv e lo c it y  vg This v e lo c ity  a cce le ra te s  according
to  the law (11*6 ) d iscussed  during the preceding period, 
from which
dv 
cRf “ T v-
2gH
  (11.18)
l+ ^ k  + 4 t§ + R (a) -
In our case v r Vg and su b stitu tin g  th is  cond ition  in to  (11*18) 
we ob ta in  the value o f the a cc e lera tio n  of water a t the moment 
at which the va lve  begins to  c lo ses
dv2 „ i  -  W(1 -t- 4 U  4. R( e)
2AHw5(s)
    - (1 1 .19)
Bearing in  mind that the time o f the impulse valve  
c lo sin g  i s  u su a lly  very sh ort, we can assume that the v e lo c ity
f
o f  water all any Instant during the c lo s in g  o f the va lve  
v a r ie s  according to  the laws
L
Awl(s) ■h 1-
W ( l  l £ k  + h( 3))
2AHw8(s)
-  -  (11 .20
W aThe mass o f the impulse va lve i s  — and i t s  a cce lera tio n  —t?
S dts
- 4 6
where s i s  the len gth  o f stroke* The approximately true 
equation o f  impulse va lve  motion w i l l  be:
\ S . IvZV-a-4'5 v^vf| _LV (11.21) 
2 f tW u r$ R \ 1 v
Expanding the bracketed expression  we obtain:
\Z
We can ignore th e  second term on the r ig h t hand sid e  which 
oin clu d es t  and f in a l ly  g e t:
d2 s
dt^
#  ^  - 1 ,(1
8$  Ls------- r=r— ------------ '------- - --------  (II*
r  wg
I Awl fsT
22 )
The la s t  formula i s  arranged to  show that
a2 s _
at2 v 2
  -  -  (11*23)
In tegra tion  o f the above g iv e s
ds _
W  "
(dvg) s  
(dt )Sfe  i c.
’lien  fc b o .  4^ z  o C1 = odt
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In tegratin g  again:
3v2
a •  o when t  s  t 3 and Cg « o
F in a lly , we obtain
t 3 8 (11.24)
I (at )S
As the len g th  o f  va lve  stroke i s  expressed in  in ch es, the 
above formula should be rew ritten  as 
3 3
Formula (11*25) agrees r e a d ily  with experim ental r e s u lt s  as 
shown in  Table VIII*
v a lv e  c lo s in g  in creases with the increased length  o f stroke 
and v a lv e  weight* When impulse valve weight bee ones such 
that the v e lo c ity  v2 required to  c lo s e  th e  valve equals the 
v e lo c ity  o f steady flow , the a cce le ra tio n  of water i s  zero , 
and the v a lv e  w i l l  not c lo se  a t a l l  a s  shown in  the la s t  
example above*
As i t  was expected, the time t 3 o f  th e  impulse
The curve representing the motion o f th e
-*  46  —
s W v2
dv2
BIT* *3 c a lc . ^3
1/16 0 .605 0 .51 6*70 0*033 0 .04
1/16 1.485 0.76 6*47 0*038 0 .04
1/10 2.335 0.43 6*20 0.041 0 .04
1/16 3 .245 1.12 6*00 0.045 0 .0 4
1/16 4.125 1 .30 5.68 0.047 0 .04
1/16 5.005 1 .38 5.5X 0*049 0 .04
1/8 0.605 0.96 6*53 0*053 0.03
1/8 1 .435 1 .51 5*95 0.062 0.05
1/8 2.365 1.87 5.68 0*068 0.06  |
i /s 3.245 2.21 4*80 0.077 0.07
1/8 4.125 2.48 4.57 0.081 0.07
1/8 5.005 2.77 4*00 0.088 0.08
3/16 0.005 1 .39 5.56 0.071 0.07
3/16 1.485 2.20 5 .41 0.084 0.08
3/16 2.365 2.75 4.56 0.096 0.09
3/16 3.245 3 .24 3.22 0.1±5 0.11
3/16 4.12o 3.67 2.78 0.124 0.12
3/16 5.005 4.00 1.00 0.148 0 .14
1 /4 0 .605 1.83 5 .93 0 .065 0.10
1 /4 1.485 2.82 4 . 43 0.106 0.11
1 /4 2.365 3.64 3 .00 0.132 0.13
1 /4 3.245 4.19 1 .65 0.173 0.14
1 /4 4.125 4.75 0.10 0.452 0.34
1 /4 5.005 - 4 .85 0 in f  in it  y in f in ity
Table V III.
Comparison o f  th e o r e tic a l and experim ental values of t s .
impulse v a lv e  w h ils t  the la t t e r  i s  c lo s in g  (see  f ig u res  9-12) 
resem bles a parabola which again i s  in  agreement with  
formula (11.25) developed previously*
The v a r ia tio n  o f v e lo c ity  of water during period 3 
i s  too abstruse to  be expressed a n a ly tic a lly *  On account
o f  the short duration o f the time t 3 i t  l s  cer ta in  that th is
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v e lo c ity  does not vary g r e a tly  from i t s  i n i t i a l  value v2 .
In  a l l  p ro b a b ility , the v e lo c ity  of water in creases at
f i r s t ,  p asses through a maximum and then decreases approaching
i t s  i n i t i a l  value Vg. This conclusion  i s  based on the  
observation  o f  th e  maximum pressure head developed by the 
experim ental hydraulic ram, from which the fo llow ing evidence 
was obtained* For the conditions o f  the experimental apparatus 
described in  S ection  I ,  i t  may be expected that each f t . / s e c *  
of destroyed v e lo c ity  o f water i s  equivalent to 130 f t .  o f  
head o f ?/ater* I f  th erefore  a maximum head h ^ ^  is  given by 
experim ent, a corresponding maximum v e lo c ity  v^ can be found 
from the r e la t io n
v3 s  - ----------  -   ---------  (11.26)
The fo llow in g  va lu es o f  V3 shown in  Table IX were obtained for
the corresponding values o f  VgS
Vg f t* /s e c # h f t  amax * v3 s  f t . / s e c .
0 .5 1 71.0 0 .51
0 .76 98.0 0.71
0.96 150.0 0.94
1.12 154.0 1.11
1 .3 0 1663*0 1.90
1 .3 8 170.0 1 .23
1 .51 192.0 1 .39
Table IX.
Comparison o f  vg and Vg.
Y
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I t  can be seen that the d iffer en ce s  between Vg and 
v 3 are very small* Consequently, for p r a c t ic a l purposes, the 
assumption that v3 .5 Vg i s  q u ite  ju s t if ie d *
On th is  b a s is ,  th e  q u an tity  o f water flow ing to  waste 
during period 3 can be estim ated as
% = v2 *3 (11.27)
S u b stitu tin g  known va lu es o f  vg and t 3,  the fo llow in g  expression  
fo r  the quantity  o f water escaping during period 3 can be 
obtained: «,
3\  D2  \  f  \ f n  I  1,3w,
4 s j
Aw5(s)
<rr -J2\  |  Ls -----)
" D ' 1 (H w l(s))
X -  V R ( a )
$AHw$( s)
4
2 I ff(l+ZVc -V 4fiif + R(B)l
4g, H | l  *» . , 2AHwi(~s) ■
.»  m m. m urn m (11*28)
The k in e t ic  energy of the column of water arrested  at the end
of period 3 can be determined as
1 WftPgLv! _  w1\DSX.v§ _  TyDgCT
2 ' 4s  7 83 ** 8(il( b) f t*  lb# (11*29)
A nalysis o f period 4*
At the end o f  period 3 the impulse va lve i s  closed*  
The energy o f the suddenly arrested  column o f  water can now be 
expended a t th e  point of le a s t  r e s is ta n c e  represented by the 
d e liv e r y  valve# S tr ic t ly  speaking, i f  L-L  ^ represents the
d istan ce  between the impulse and d e liv ery  v a lv es  and C the
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v e lo c ity  o f  an a cou stic  wave in  an e la s t i c  medium, the  
d e liv e r y  v a lv e  begins to open a f te r  a time elapsed from
the moment o f the complete closu re o f  the impulse valve* The 
magnitude o f th is  tim e i s  so n e g lig ib le , that for a l l  
p r a c t ic a l purposes i t  should be considered as zero, which i s  
a lso  c le a r ly  shorn in  a l l  in d icator diagrams taken from the 
recording apparatus*
The duration o f  period t 4 during which the d e liv ery  
v a lv e  opens i s  very short and can be estim ated to be
t 4 s 2 L ...................................................................(11 .30)
i*e* time fo r  a complete r e f le c t io n  o f the aco u stic  wave 
tr a v e llin g  along the d rive  p ip e .
I f  th e pressure head in the a ir  chamber i s  
H 4*h + hr,  then at the end o f  the time t 4 the whole column of 
water contained in  the drive p ipe i s  brought to that pressure*
The in crease o f  pressure in  the drive pipe can on ly  be obtained  
at the expense of v e lo c ity  o f the water* I f  the v e lo c ity  o f  
th e  water a t the end o f the period t 4 i s  v4,  then there must 
be a r e la t io n
V 3  -  7 4  B (h f  M - S ..................................................... ( IX .31)
from which *
v4 s  V3 •* -  (11*32)
and denotes the v e lo c ity  with which the water en ters the a ir  
chamber*
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The above expression  allow s us to  determine the  
maximum pressure head which can he developed in  a hydraulic  
ram. Obviously, when v 4 * 0 , hr ■ 0 and
h * 1 W  .  1 ^ 3  ,  C 
. 3  6 s i H r  -  - ..............................-  -  u i .3 3 )
2AHw<E(s)
W\l+ S < + 4 f* }* R (s ) as dst or mined
previously*
The v e lo c i ty  o f the acou stic  wave C in  an e la s t ic
medium i s  equal to^Sill where K* can he determined from\ w A
Joukoxvski’ s or Gibson’s formulae d iscussed  in  Part I* According 
to  Joukowski:
Ij. " I    -  -  -  U I .3 4 )
According to  Gibson?
%  S |  V 4 ^  * ( 5 " | ) ......................- .........................(1 1 .3 5 )
1
I t  can he seen that fo r  P o isson ’s r a t io  •= a 0.25 Gibson’s
m
formula becomes id e n t ic a l with Joukowski’s*
In c id e n ta lly , P o isson ’ s r a t io s  fo r  s t e e l ,  wrought 
iron and cast iron (which are th e  most common m ateria ls used 
for d r ive  p ipes) are 0*303, 0*2,78 and 0.270 resp ective ly*
As th ese  f ig u r e s  are very near to 0 .2 5 , the present 
w riter  w i l l  use Joukowski’ s formula as the simpler o f the two.
Therefore, the expression  for G may be presented in
th e  form:
S u b stitu tio n  of t h is  r 9su it  in to  th© formula (11*33) g ives
hmax 4 -rr— -----— — f t .  -  - -  - -  - -  - -  (11.37)
f(KVBET) Aw2S (s)
Formula (11*37) f^tows c le a r ly , that for a given weight
o f th© impulse va lve  W and length of stroke fc, there i s  always
a cer ta in  maximum d e liv ery  head beyond which no water can be
pumped* I t  a lso  shows, th a t , i f  the impulse va lve i s  too
l ig h t ,  on ly  sm all d e liv ery  heads can be obtained.
In consequence of the reduction  o f v e lo c ity  o f
water during the period 4, th ere i s  a certa in  lo s s  of k in e tic
energy which i s  expended in  compressing the water contained
in  th© d rive  pipe and stre tch in g  the w a lls  o f  the la tter*
I f  the r e su ltin g  pressure head is  (h + hr ) fe e t  above
s t a t ic  head H, th e  compression o f the water column absorbs
w^(h4hy) f t*  lb * o f  energy, sin ce th© mean pressure
144#8K
during th e  compression i s  the unit change in  volume
i s  hp) and volume i t s e l f  is^ 3 ~ *
144& 4
S im ila r ly , the energy absorbed in  stre tch in g  the  
2 2 3
pipe w a ll i s  2!.Jftjhjfe1) JQ?, it  f t » lb #,  s in ce  the average force
144*8]i»tp
actin g  on the pipe w a lls  i s  Si£-1^2Ll££, the un it elongation4
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i s  HL f f i and th© length  o f developed circumference of the 
1 4 4 * 2 S t p
pipe is^VD#
w2 (h
The t o t a l  energy o f s tra in  i s  th erefore
A L 1 P . . L  + Wa (h 4 h g) ^  _ * 2 { h ± h » ) Z TLnh  m n ) . .
l 44» < i K 1 4 4 . 8 E t D 8 .144  (ETSET) I11*33), p  ^  ~ - p ,
which could he a lso  obtained using Jankowski*s formula for  
v ir tu a l  bulk  modulus of water and pipe*
A nalysis o f  period 5#
The d e liv ery  va lve i s  now f u l ly  open and the energy 
a v a ila b le  for pumping equals the k in e tic  energy developed 
at th e  end o f the period o f a cce lera tio n  le s s  the energy of 
s tr a in  due to the r e s i l ie n c e  o f water and pipe w alls#  This 
energy i s
^ p l  .  i £ m ± h z i£ 3 u £ i i . a ,  d ) .
8AS(s) 8 .144 (K+ E ^ )
_  T [ d 2 l  i w  w2  n  d  i  2
-  —  r a n r  " m  ( f + s 9 * < h + v
This q uan tity  i s  expended in  pumping q lb# o f water 
aga in st th e  head h hj* and hence the q uantity  d elivered  q 
can be determined as
f t#  lb#
f p i ,  
q " 8(h  + hr )
W w2
SiTST * 144 ' <h+hP Lb. -  -  (11.39)
Since fo r  any hydraulic ram in s ta lla t io n  the fa c to rs  
D,L,K,w#A,E, tp and (h ± h r ) are f ix e d , the r e su lt  obtained in  
formula (II#39) shows c le a r ly  that the quan tity  o f  water
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delivered  depends p r in c ip a lly  on the weight of the impulse 
valve W and the factor  ! ( s ) *  This important fa ct was 
confirmed by experiments, which showed that fo r  a given ffi(s), 
the in crease  o f the valve weight caused the quantity  q to  
increase*
Experimental r e s u lts  (described in  detaD. in  the  
next section ) are co n sis te n tly  higher than expected from 
formula (11*39) and the reason is  that in  the foregoing  
a n a ly s is  the e f fe c t  o f the a ir  chamber has been neglected*
Th© a ir  chamber a f fe c t s  the quantity o f water delivered  and 
th is  can be explained in  the follow ing manner* I f  q i s  the  
quantity  o f  water delivered  during a s in g le  c y c le , the  
duration of which i s  T, then the average rate o f  flow through 
the d e liv ery  pipe i s  However, the time of actu a l pumping 
i s  much shorter than the to ta l  time T and the a ir  chamber 
re ce iv es  water a t a much quicker ra te  ^ *  Since the water 
i s  d elivered  a t th e average ra te  the excess o f water
tem porarily stored  in  the a ir  chamber during the time tg  i s
q* * l§5 " M  j l * | ) .....................................(11.40)
and can be observed through a water gauge attached to  the a ir
* ■ ' .i
chamb er•
The quantity  which passes d irect to the d elivery  
pipe during the in terv a l i s  q<g so that q*Vqfl » q*
This subd ivision  of th© quantity  pumped q makes i t
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p o ss ib le  to estim ate the e f fe c t  of an a ir chamber when the 
d eliv ery  takes place* I t  i s  now c le a r , that in  ad d ition  to  
the k in e tic  e n e rg y  generated during th e  period of a c c e le ra tio n , 
th ere i s  an a d d itio n a l source o f energy a v a ila b le  for  pumping, 
namely th e  p o te n tia l energy o f the quantity  o f water q Q 
descending from th e supply tank in to  the a ir  chamber during 
period 5* I f  hQ i s  the le v e l  o f  water in  the a ir  chamber over 
the impulse v a lv e , then th is  energy may be estim ated as
(li -  h0) -  - .................................... -  -  -  (11.41)
The next problem i s  to  find  out how t h is  ad d ition al 
energy i s  a ffe c te d  by the s iz e  and shape o f an a ir  chamber*
The answer may be obtained by the a n a ly s is  o f  the 
energy received  and discharged by the a ir  chamber* The actual 
amount of energy received  by the a ir  chamber during period 5 i s
.2
1lDSL8 S T sT  " 144 * (E^EfcpJ'^k'frhy) I . q j i  _ _|>J (h -  hc ) f t . l b
w 4. ■ -
This energy i s  balanced by the energy lo s t  in  the drive pipe
and the d e liv e r y  va lve q (hg + h v ) ,  on isotherm al compression
of a ir  contained in  the a ir  chamber w(h4. hH)niog^—
d M b  -
t5and d irec t pumping o f the quantity  q ~  against the head 
(h + h d ) .
Therefore, the balance o f energy Is  as fo llo w s:
Bt q(ha4 hv ) + w(h ^hd)-'Clogt______ E + (h -H id )  (H.4S
r -  » ( » - ¥ )
The above equation i s  in so lu b le  by ordinary
a lg eb ra ica l methods* However, w ith the aid o f MaClaurinfs 
theorem i t  i s  p o ss ib le  to obtain  a very c lo se  approximation 
by expanding th e logarithm ic term in to  a power s e r ie s .  This 
g iv e s  (on cond ition  that IT i s  greater than z e r o ):
Ul o c e
TJ a
* log
=2L (x .  *5)Uw T)
8 j i  -  t ) 4- ^ $ “5  • j l  -  j l  -  4 ----------- (11.43)
The convergency o f the above s e r ie s  i s  i l lu s tr a te d  
by c a lcu la tio n s  shown in Table X:
Value o f se r ie s
i J - n  %
UW ' <J> /
(fi?omlog. ta b le s)
Using only f i r s  
terms
; Using on ly  f i r s t  
two terms
C.20 0.2231 0.2000 0.2200
0.10 0.1053 0.1000 0.1050
0 .0 4 0.0408 0.0400 0.0408
0 .02 0.0202 0*0200 0.0202
0 .01 0.0100 0.0100 0.0100
Table X.
Test o f  convergency o f power s e r ie s .
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I t  can be seenthat the s e r ie s  i s  very quick ly
convergent and that even the use o f  the f i r s t  term only g ives
a good approximation# This approximation becomes c lo ser  with
the in crease  in  the cap acity  of the a ir  chamber# bhen the
volume of a ir  IT i s  approximately 100 times the volume o f water
tem porarily stored  in  the a ir  chamber, the use o f the f i r s t
term g iv e s  th e  correct value o f lo&g—  ■?■■■ —   to four
V -  1  ( l - t 5 \
decimal p laces#
In  order to transform the equation (II# 43) in to  the 
expression  containing the symbol b , one term o f the power 
s e r ie s  i s  in s u ff ic ie n t  and two terms must be used* This
L I  W _w£ (X , _ 2 _ ) .  » , i t , >
-  jAfTsT ” 144 {?, + Etp) ' ^ r ’ W d - y )  {H -  h c ) s
g iv e s :
2 
8
t  2 t g ’ -
m q (hs *h v) + q(h+hd)(l -  - y !+ g f e U - — f -  (h + h^)4 q —S. ^  +hd) 
which, a f te r  rearranging becomes
p2 tg  2 j.
* (h 4 h d) « q ( l - ^ ) ( H  -  h0)+ q (h + h r ) s
\ W w2 (T , D ) # 2I
s  “  LAC£(s) ~ 144 (h + hr> j ;  -   ---- (II#44)
The above quadratic equation i s  too complex to  
provide a so lu tio n  of any p ra c tic a l u se, e s p e c ia lly  sin ce i t  
con ta ins the expression  fo r  the duration of the cycle T, which 
i s  q u ite  com plicated in  i t s e l f #  N everth eless, the equation  
(11*44) shows c le a r ly  that the increased cap acity  o f the a ir  
chamber b in creases the fa ctor  q (h + h P) # denoting the work done
by the water d e liv ered .
I t  can be seen , that i f  the f i r s t  and second terms *
on the le ft-h a n d  sid e o f the equation (11,44) are n e g le c ted ,.....
the la t te r  becomes id e n t ic a l with the equation (11,39) obtained  
p rev iou sly  i , e .
which w i l l  be used in  subsequent d iscu ss io n .
The foregoing a n a ly s is  makes i t  p o ss ib le  to  
conclude that the a ir  chamber should be designed to contain a 
volume o f  compressed a ir  equal to  approximately 100 tim es the  
volume o f water d elivered  per c y c le . A lso , the le v e l  o f  water 
contained in  the a ir  chamber hc,  should be made as l i t t l e  as 
p o ss ib le  in  r e la t io n  to the supply head H, These two 
requirem ents c a l l  for a short a ir  chamber with a large  
diam eter.
and described in  the next se c t io n , confirmed the conclusions  
r e la t in g  to  the e f f e c t  o f  the s iz e  o f the a ir  chamber on the 
quantity  o f  water d e liv ered . For other conditions remaining 
con stant, the increase in  the volume o f the a ir chamber 
caused th e quan tity  o f water d elivered  to  increase by  
approxim ately 10 p ,c •
The duration o f  period 5 can be determined from 
the equation of momentum, i» e .
Mass x Change o f v e lo c ity  e Im pulse,
Experiments carried  out on the experimental apparatus
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In the above expression  we have:
Mass s P'ftPgl.
4g
Change o f v e lo c ity  « V4 r- .  (h hr )g _/ n  “ ~
w1Td2
Impulse s  — ^—  (h-H hr ) tg
And f in a l ly  
t 5 s g(h + hr )
JSL .  / h , u  %\  ( 1 .  I) ) JEL 
Awa(s) ' ^  V’ V (S+ Etp) 144 -  (X I.45)
The r e s u lt  obtained shows th at the time of d e liv e ry  rap id ly  
decreases w ith the in creases of d e liv e ry  head.
A nalysis o f period 6 .
At th e end of the period 5* the whole o f  the energy 
a v a ila b le  for pumping i s  exhausted and the d e liv e ry  va lve  
c lo ses*  This closu re o f the d e liv ery  valve means that th e  
d rive p ip e , which so far had remained under the pressure 
H h hr ,  suddenly returns to the s t a t ic  head E* The time
during which t h is  charge takes p lace  i s  very short and can be
\
estim ated as a tim e required for a complete r e flex io n  o f an 
a co u stic  wave C, or
« 2L s  -JJ- 2L 2L\ U  +. _ £ J w
JL
(K T 144g
--------------- (1 1 4 5 )
*  (1 j _  P ) 
144(K +  E6p)
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As a r e s u lt  of the sudden change of pressure, the 
energy of s tra in  o f water and d rive pipe i s  converted in to  
the k in e tic  energy o f water moving towards the supply tank.
The phenomenon i s  s im ilar to that o f  rebound of e la s t ic  bodies  
and i s  i l lu s tr a te d  by figu re  1 5 . The photograph was taken 
a fte r  th e  l e v e l  o f water in  the supply tank was reduced to  
a minimum and a pressure o f approx. 150 l b . / s q . i n .  developed 
in  the experim ental ram. The column o f spouting water reaches 
the height o f about 6 inches above the le v e l  of the s ta t ic  
water and a ls o ,  some p a r t ic le s  of water can be seen in  the a ir .
The magnitude o f the negative v e lo c ity  with which 
the water r e c o i ls  from the in pu lse va lve  can be obtained by 
equating the energy o f s tra in  to  the k in e tic  energy.
w23tD2L,( l  t PJ . I M , | 2 _ ttftP2L 3 
8.144 (U Efcp) r + r ) * 8g 6
from which r ____________
V6 .  .  + -  - - - -  -  - - - - -  -  -  (11.47)
In th is  conversion o f  energy, th ere  is  probably some lo s s ,  
which in  the mechanics o f c o l l is io n  o f  e la s t ic  bodies i s  
determined by the c o e f f ic ie n t  o f  r e s t itu t io n  e .  However, 
bearing in  mind that water i s  almost p e r fe c tly  e la s t ic ,  i t  
may be assumed that e s  1 .
A nalysis o f  period 7 .
At the end o f period 6 the water in  the d rive  pipe 
has acquired a n egative v e lo c ity ,  in  consequence o f  which the
62
Flfl«15» E ffect of r e o o il  at the end of  
retardation  p eriod »
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impulse va lve  opens under i t s  own weight and a pressure  
d iffer en ce  caused by the r e c o il in g  w ater. The e f fe c t  o f  
pressure d ifferen ce  i s  to a certa in  extent o f fs e t  by f r ic t io n  
o f th e in p u lse  va lve sp in d le , and for  a l l  p ra c tic a l purposes 
the impulse va lve  behaves l ik e  a f a l l in g  body. The tim es of 
impulse v a lv e  opening a s  ca lcu la ted  from the formula 
t  s \™  and a c tu a lly  measured on the recording apparatus are
shown in  Table XX,
Length o f valve stroke  
in  in s .
Time o f opening in  se c .
Calculated Measured
0,0625 0.018 0 .02
0.0125 0,025 0.03
0.1875 0 .031 0.03
0 .250 0.036 0 .04
0.312O 0.040 0 .05
0.375 0 .044 ■ 0.05
Table XI,
Comparison o f  ca lcu la ted  and measured valu es o f  time 
o f impulse valve opening.
I t  can be thus seen that the hypothesis on the  
time of impulse valve opening i s  c o r re c t .
The time required by the impulse va lve to  open i s  
on ly  a fr a c t io n  o f  th e  time t ? during which the water moves 
away from the impulse v a lv e . The duration o f tne la t te r  may 
be found from the equation o f motion, a lready used in  the 
a n a ly s is  o f period 1 , i . e .
|§ F  s  5 1 ..................  -  -  ( H .8 )
where lo s s e s  o f  head are neglected  on account o f the shortness 
o f  the time t^#
The so lu tio n  o f  the above equation g ives
m  —'— <L P m
* &  +  c l
hence n gg (h <‘Vhy) \  | (1 p ) gw°1  •  (K ' Etp)X44 and
t  .  £ s * £ J * ± * r L \  ( i . p )_m
SH gH  ^ (K  +  l t p l 4 4
t  s  ty  when v a o and f in a l ly
L ( h » h „ ) \  I I ,  J )
*7 * II \l (K * E t_ l fcp)144g (IMJ
The magnitude of th e  time t„  i s  i l lu s tr a te d  by the 
Table XIX giving ca lcu la ted  v a lu es  o f th e  former for  L ■ 60.75 f t .  
H = 1 3 .0 f t ;  X ■ 300.000 l b . / s q . i n . ;  E = 2 5 .0 0 0 .0 0 0  lb . / s q . in ;  
w S 6 2 .4  l b . / c u . f t .
(h + hy) f t .
II 1 J.. J MINI
ty  s e c .
50 0 .0 5 2
100 0 .1 0 4
150 0 .1 5 6
200 0 .2 0 8
250 0 .2 6 0
300 0«312
Table H I # 
Calcu la ted  va lues o f the time t y .
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Assuming that the r e c o il in g  water moves as a so lid
b ar, i t  i s  p o ss ib le  to ca lcu la te  the d istance y o f  the re co il*
Lei vIn the equation o f  motion H » Kay t>e su b stitu ted  for
because z  v .
LvdvHence H « g 3y from which
?&ien
a y =
O r  ,
r -  dy ~ 2gH
Jdy s o ,  v r -
Jay * g -  + c.
LvSV g  and CX s  _.
The equation (11*49) becomes
,2
i
2
Lv* _ IjUL
dy s  Qgjti " 2gH
J  dy x  -  y when v * o
and y -
r 2Lvq
2gH
(1 D \ 2
^ { K * f t p  hr)
S88H
(11,49)
f t .  -   -------------(11.50)
Using the same data as fo r  the previous example, Table XIII 
has been computed to  show th© magnitude of the d istance y*
(h4-hr ) f t* y f t*
50 0.009
100 0*037
150 0.085
200 0.151
250 0*237
500 0 *341
550 0*465
400 0*606
Tab le  X III,
C alculated va lu es o f r e c o i l .
*» 6o >"
These r e s u lt s  show that r e c o il  at the end o f the 
retardation  period in creases rap id ly  with the in crease of 
delivery* head.
The reverse  motion o f water during period 7 
subsequently a f fe c t s  the q uantity  of water escaping during 
period 2* In the a n a ly s is  o f period 2, i t  has been deduced 
that the q uantity  o f water escaped
90 " 4 ^ U
■ M z
The value o f y i s  now known, and the expression  f.or Qg 
becomes?
* ■ ^
* A pTa ^  T"3fc\
Summary o f  theory developed.
The r e s u lt s  o f the foregoing a n a ly sis  o f the  
operation o f the hydraulic ram can be u ltim a te ly  presented in  
f iv e  general form ulae.
(I )  The q uan tity  o f water delivered  i s
a _ -  . T v p s _ r  _» .  — . ( i . p >.............
4 " 8 (h + h,.) I Affi(s) 144 (K Efcp)
pounds per cycle*
This formula shows c le a r ly , that fo r  a given W and
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S (s) there i s  always a maximum d e l i v e r  head for whioh q 
becomes zero*
(II )  The quantity  o f water flowing to  waste i s
.  vs^y2 L
pounds per cycle#
Formula (I I )  appears complicated at f i r s t ,  but
bearing in  mind that
1  V Z k - t -  4 C |v R ( s )
steady flow#
Wg 
Awl( s)
represents the square o f v e lo c ity  o f
w tf
at which the impulse va lve begins to c lo s e ,
SW ( 1  , 0  ) , h . h  %2
l t% (K  E t p va*  r ' represents the square o f  
i n i t i a l  v e lo c ity  o f  r e c o il
i t  becomes much sim pler for any p a rticu la r  ca se .
An iitport&nt featu re o f formula (I I )  i s  that i t  shows 
c le a r ly  th e  in ter dependence o f th e  fa c to r s  H, W, 5 ( s ) ,  R(s) 
and L, s in ce  i f
am
I  *2V 3^£V R (s)
the impulse va lve w i l l  not c lo se  at a l l .
Wg
A w lT s T
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(IX1 ) The duration o f a to ta l  cyc le  is
T s t l ; t 2 f t 3 +  t 4 + t 5 + t 6 f  t 7#
For t ^ v t g  i s  sim pler to  use the equivalent value of t 0 
without r e c o i l  as given by equation ( I I . 8)
Adding the values already found and rearranging 
the terms* the value o f  T i s
T s L rV%
'Uy.-vVf
W \VS\M
seconds per c y c le .
(IV) The e f f ic ie n c y  o f the hydraulic ram i s
oh or
l+BaASj l l j p j l .  _ VJ
4 ^ V -V 3 i^ ^
As i t  should be* the formula fo r  e f f ic ie n c y  i s  dim ensionless 
and shoves c le a r ly  the e f fe c t  o f a l l  th e fa c to rs  co n tro llin g  
the performance of the machine*
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(V) The power o f  th e hydraulic ram i s
P e 2!l o?
T
WLV*
U S
foot-pounds per second*
The formula for power i s  not l e s s  important than 
the formula fo r  e f f ic ie n c y , which does not take in to  account 
the ra te  o f pumping*
The formulae ( I ) ,  ( I I ) ,  ( I I I ) ,  (IV) and (V) w i l l  
be d iscussed  in  more d e ta il  a fte r  th e ir  v e r if ic a t io n  by 
experiments described in  the next se c t io n .
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III*  EXPERIMENTAL VERIFICATION OF THEORY EEYELOPEP,
In order to  v e r ify  th e  theory developed, some 500 
experim ents were made on the experim ental apparatus described  
in  S ection  I  to  examine the e f f e c t  o f the v a r ia tio n  o f f iv e  
fa c to r s , namely: 1) length  of the impulse va lve strok e, 2)
weight o f th e  impulse v a lv e , 3) type o f  the d elivery  valve d is c ,  
4) s iz e  o f th e a ir  chamber, 5) d e liv ery  head.
The experiments were grouped in  32 s e r ie s  and carried  
out according to  a scheme shown in  Table XIV, In each se r ie s  
o f  experiments the only independent variab le was u ltim a te ly  
the d e liv e ry  head h , w h ils t  the other four variab le fa c to rs  were 
kept constant in  various combinations as shown in  Table XIV,
The m ajority of the experim ents, comprising the f i r s t  
26 s e r ie s ,  was devoted to  the in v estig a tio n  o f the e f fe c t  o f  
the length o f th e  impulse va lve  stroke and i t s  w eight. Using 
various combinations o f th ese  two fa c to r s  i t  was p o ss ib le  to vary 
the c h a r a c te r is t ic s  o f  the machine over a very wide range. The 
d eta iled  r e s u lt s  o f th ese  experiments are presented in  Tables 
XV-XL, In each case experim ental data are compared with the
th e o r e t ic a l computations obtained by the employment of the
\formulae I ,  I I ,  I I I ,  IV and V developed at the end o f Section I I ,  
In these c a lc u la tio n s , the fo llow in g  fa c to r s  were kept constant 
throughout:
A s  0 .043 f t , 2 K = 300.000 l b . / i n . 2
D ■ 0 .166  f t .  2 L ■ 60.75 f t .
The va lues o f R(s) and I ( s )  used in  the above
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ca lcu la tio n s  are given  in  Table XIV. They were obtained by
d ir e c t  measurecients described in S ection  I* Head lo s t  during
the period o f  retard ation  was ca lcu lated  from the formula (1 .8 ) ,  
in  which h ^ ^  was determined by means o f formula (11.37) and
shown in  T&bl e XIV.
The remaining 6 s e r ie s  o f  experim ents, presented in  
d e t a i l  in  Tables XLI-XLVI deal with the e f fe c t  of the a ir  chamber 
and d eliv ery  va lve d is c .  Ho th e o r e t ic a l commutations accompany 
them, and to a scer ta in  th e ir  in flu en ce , a comparison i s  made 
with the experim ental r e s u lts  obtained for the cond itions set
in  S e r ie s  23 .
In each s e r ie s  o f experiments the fo llow ing experi­
mental technique was employed. The d elivery  head was produced
/  2by a Bourdon gauge and varied  every 6 lb  . / i n .  The maximum 
pressure head di3 not gen era lly  exceed 90 lb . / in .y  as the  
q u an tity  o f  water d e liv ered  was then too small to be measured 
a ccu ra te ly , and a lso  there was a danger o f damage to  the  
recording apparatus. The duration o f  each experiment was 
determined by the time required fo r  the tank (8) (see  f i g . l )  
to  be com pletely f i l l e d ,  so that in  each case the same quantity  
o f  water ( i . e .  363 lb s .)  was used to  operate the machine.
Then the tank (8) was f u l l  o f  water, the time was noted by 
means o f a stop-watch and sim ultaneously the sm aller tank, for  
measuring th e water d e liv ered , was moved away from the d elivery  
p ip e . I t s  contents were measured by means of a ru le  in serted
th e r e in . The tim e o f p u lsa tion  was measured by means o f the  
recording apparatus*
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Table
Length o f  
impulse 
v a lv e  stroke
in . '
Weight o f  
the
impulse 
va lve  W lb
Type  o f  
d e liv e r  
valve  d is c .
JjrOf
chamb er
R(s) 3 (s) hmax f t
XV
XVI
XVII
XVIII
XIX
XX
1/16
1/16
1/16
1/16
1/16
1/16
0.605
1 ,485
2* 5^65
3*245
4.125
5.005
.**345"
"345"
"345"
**345”
"345”
"345"
shorter 
sli or ter  
shorter 
shorter 
shorter 
shorter
60.8
60*8
60*8
60.8
60*8
60.0
28.29
28.29
28.29
23.29
28.29
28.29
68.4
107.3
135.4
158.5
178.9
196.9
XXI
XXII
XXIII
XXIV 
XIV 
XXVI
1/8
1/8
1/8
1 /3
1/8
3 &
0.605
1.485
2.365
3.245
4.125
5.005
"345"
"345"
"345"
"345"
1345"
"345"
shorter
shorter
shorter
shorter
shorter
shorter
18.4
18 .4
18.4
18.4
18.4
18.4
7.59
7.59
7.59
7.59
7.59
7.59
132.1  
206.8  
261.9  
306.0
345.2  
379.6
XXVII
XXVIII
XXIX
XXX
XXXI
3/16
3/16
3/16
3/16
3 /l6
0 .605
1.485
2.365
3.245
4.125
"345"
"345"
"345"
"345"
"345"
shorter
shorter
shorter
shorter
shorter
11.3
11.3
11.3
11 .3
11.3
3 .55
3.55
3.55
3 .55
3.55
193.2  
302.1  
381.8
447.3  
504.7
XXXV
XXXIII
XXXIV
XXXV
XXXVI
XXXVII
XXXVIII
XXXIX 
XL___
XLI
XLII
XLIII
XLIV
XLV
XLVI
1/4
1/4
1/4
1/4
5/16
5/16
5/16
3 /8
5 /8
5/16
5/16
5/16
5/16
5/16
3/16
0.605
1.485
2.365
o . 245
"345"
"345"
"345"
"345"
shorter  
short er 
shorter 
shorter
0.605
1.485
2.565
"345"
"345"
"345"
0.605
1. 485
£•485
1.485
1.485
1.485
1.485
1 .485
"345"
"345"
shorter
shorter
shorter
short er 
shorter
"365"
"445"
"465"
"545"
"565"
"345"
shorter  
short er 
shorter  
shorter  
shorter
Table XIV,
Scheme
longer
8.7
8.7
8.7
8 .7
2.09
2.09
2.09
2.09
251.9
394.1
496.5
583.6
6 . 8
6 .8
6 .8
1.4-9
1.49
1.49
298.7
467.5
590.4
5 .7
5.7
1 .16
1.16
338.8
529.4
of experim ents.
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S er ie s  1 Theoret ---------.ca l
-----
Experimental
h (h hn) 9 Q T P 9 Q T P
15.70 14.25 29.95 .008 .040 .201 .242 .624 mm mm
29.55 10.55 40.10 .005 .037 .204 • 308 .725 - mm - -
43.40 4 . 90 48*30 .003 .031 .209 .323 .623 .003 .028 .187 .358 .696
57,28 2 .96 60.21 .0015 .023 .217 .289 .264 .001 .020 .222 .220 .258
68.40 0 .0 0 68.40 .000 .022 *224 .000 .000 .000 .024 .229 .000 .000
Table XV.
S er ie s  2 T h eoretica l Experimental
h hr (hi- hp) T n P q Q T P
1.85 18 .15 20 .00 .037 .094 .287 .056 .239 tm mm
15.70 15.80 31.50 .022 .092 .272 .288 1.269 mm m - -
29 .55 13.41 42.96 .0145 .090 .272 .368 1.575 .017 .084 .201 .460 1.925
43.40 11.00 54. 40 .010 • 085 .277 .393 1.568 .012 .081 .263 .494 1.979
57.25 8 .61 65.86 .007 .077 .233 .409 1.414 .008 .071 .260 .496 1.760
71.10 4.29 75.69 .005 .069 .293 .396 1.212 .008 .061 .272 .514 1.575
84.95 3 .89 88 .84 .003 .058 .303 *358 .840 .002 .050 .284 .261 .598
98.80 1 .48 100.28 .001 .049 .314 .155 .314 .001 .041 .287 .185 .344
107.30 0 .00 107.30 .000 .040 *319 .000 .000 .000 .035 .296 .000 .000
Table XVI.
S e r ie s  3 T h eoretica l Experimental
h hp (hi* hp) q Q T p q Q T . 3 -  ?
1 .85 18 .25 20.10 .059 .153 .343 •055 .318 mm mm
15.70 16.35 32.05 .036 .149 .322 .292 1.755 .043 .153 .329 .339 2.052
29 .55 14.42 43.97 .025 .144 .318 .396 2.322 .031 .150 .315 .470 2.910
43.40 12.58 55.98 .018 .138 .322 .436 2.425 .023 .148 .329 .520 3.035
57.25 10 .65 67.90 .0135 .130 .323 .438 2.271 .017 .145 .322 .516 3.025
71.10 8 .70 80.10 .010 .121 .357 .454 2.119 .012 .141 .323 .467 2.617
84.95 6 .85 91.80 .007 .110 .353 .410 1.635 .009 .132 .336 .445 2.277
98.80 4 .99 103.79 .004 .098 .356 .349 1.250 .005 .114 .341 .333 1.447
112.65 3 .02 115.67 .002 .063 .367 .209 .614 .002 .079 .338 .219 .667
126.50 1 .15 127.65 .001 .070 .376 .152 .334 .001 .072 .345 .135 .366
135.40 0.00 136.40 .000 .055 .331
1
.000 .000 .000 .064 .352 .000 .000
Table XVII,
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S e r ie s  4 T heoretica l Experimental
h h v (h + h„ q Q T 7 p a ..... 9, T V p
1.85 18.50 20.15 .082 .194 .385
i
.061 .394 m
15.70 16.65 32.35 .050 .189 .359 .319 2.188 .062 .204 .359 .367 2.712
29.55 15 .00 44.55 .035 .182 .354 .437 2,921 .043 .201 .359 .480 3.538 ,
43.40 15.40 56.80 .026 .179 .357 .485 3.160 .035 .189 .340 .582 4.222 !
57.25 11 .85 69.08 .020 .170 .363 .518 3.185 • 025 .192 .364 .572 3.932 |
71.10 10.37 81.77 .0155 .160 .572 .530 3.058 .020 .185 .357 .593 3.981 •!
84.95 8 .5 5 93.50 .012 .150 .380 .524 2.681 .016 .175 .358 .597 3.798
98.80 6 .9 4 105.74 .009 .139 .391 .491 2.273 •O il .164 .380 .609 2.868112.65 5.37 113.0 2 .006 .121 .402 .429 1.682 .008 .145 .383 .477 2.561
126.50 3 .70 150.20 .004 .103 .413 .378 1*226 .004 .125 .401 .312 1.261
140.35 2 .64 142.59 .002 .086 .425 .251 .662 .002 .102 .404 .211 .695 i
158.50 0 .00 158.50 .000 *067 .439 .000 .000 .000 .082 .411 .000 .000 !
11
Table XVIII .
11
S e r ie s  5 T h eoretica l Experimental {
h bj. (h q Q T P q Q T , p i
1.8E 18.30 20.15 .105 •25< .419 .059 .464 ■* »
1 ■ II IB Jll
m «»
15.70 16.95 32.65 .063 . 24- .538 .312 2.525 .074 .237 .393 *377 2.958
29.55 15.45 45.00 .045 . 24: .381 .425 3.492 .053 .231 .372 .522 4.210
43.40 1 3 .9  7 57.37 .055 .23: i .382 .472 3.750 •056 .219 .354 .549 4.415
57.25 12.30 69.81 .025 .22Cf .388 .500 3.590 .028 .204 .363 .604 4.413
71.10 H . i d 82.80 .020 .20? j *396 .525 3 . 589 .024 .207 .367 .656 4.640 1
84.95 9 .6 3 94.60 .016 .19? t ,405 .528 3.351 .019 .206 .380 .402 4.240 *
98.80 8 .2 3 107.03 ..012E .18? > .416 .522 2.962 .014 .205 .366 .519 3.590 5
112.65 6 .ed 119.45 .010 .16? > .426 .512 2.641 .011 .160 .396 .597 3.123 !
126,50 5.3^ 131.87 .007 .15< i .436 .435 2 . Col .008 .142 .402 .546 2.520 !
140.35 3 .8 9 144.24 .005 .12  f .449 ,422 1.567 .006 .123 .414 .526 2.036 !
154.20 2.5q 156.70 .005 • 10?> .430 .330 1.005 .004 .113 .421 .412 1.466 1
178.90 o .o d 178.80 .000 •oa: .482 .000 .000 .000 .096 .452 .000 • 000
T a b le  XIX.
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S e r ie s  6
h
1*85
15*70 
29.55  
43*40 
57*25 
71*10 
84*95 
98.80 
112.65 
126*50 
140.35 
15 4*20 
168*05 
181*90 
196.90
hr
18.30
17 .00
15 .74
14.40
13.10
11.70
10.47
9.20
7.86
6 .52
5.23
3 .89
2 .59
1 .2 9
0 . 0 0
(hH-h&
29.15  
32.70  
45.39  
57.80  
70.35  
82.89  
95.42  
1 0 2 .0 0  
120.51  
133.02  
145.58  
156.09  
170.64  
183.19  
196.90
T h eoretica l
q
.128
.077
.054
•041
.032
.025
.020
.016
.013
.010
.008
.005
.003
.001
.0 0 0
Q
.322  
.316  
.312  
.307  
.294  
.280  
.267  
.251 
.244  
.228  
.195  
.186  
.161  
.140 
.097
T
.471
.432
.423
.422
.427
.435
.444
.454
.465
.476
.487
.498
.510
.522
.534
.056  
.294  
.393  
.  446 
.480  
.437 
.489  
.484  
.461  
.427 
.443  
.319  
.241  
.100 
.000
.503
2.800
3.767
4.215
4.285
4.085
3.830
3.431
3.150
2.658
2.305
1 .545
.989
.348
.00 0
.151
.096
.066
.047
.036
.029
.025
.017
•014
.0 1 2
.009
.006
.003
Experimental
Q
.288
.309
.304
.301
.282
.269
.278
.272
.236
.220
.185
.179
.155
T
.498
.429
.424
.416
.401
.411
.414
.413
.414
.420
.427
.436
.465
.074
.373
.494
.521
.561
.590
.589
.475
.514
.551
.525
.397
.325
.561
3.518
4.600
4.899
5.145
4.950
5.125
4.062
3.509
3.610
2.958
2 ,1 2 0
1.085
i'
>>,
1
T a b l e X X ,
S erie 3 7 Tileo re tib a l Experimental
.. .... . ..................................
h h 3? ( h  4-hr q Q T. . \ p q Q T n
r
P
1 .85 18.25 20.10 .057 .159 .544 .051 .306 M i m «M
L
tm
15.70 16.30 32.00 .034 .157 , 323 .261 1.652! M* - •
29.55 14 .35 43.90 .024 .155 .320 .352 2.219 m M l - *• )
43.40 12.39 55.79 .017 •144 .324 ,394 2,278 .020 .160 .328 .417 2.713 .
57.25 10.45 67.70 .013 .139 .331 .412 2,248 .015 .150 .325 .426 2.641 J
71.10 8.52] 79.62 •ooo*; .131 .339 .405 2,036 .011 .136 .3161 .4431 2.477
84.95 6 .59 91.34 .0065 .120 .348 .327 1,462 .007 .116 .318 .  395 »1.870
98.80 4 ,62 |103.42 .004 .104 ,359 .298 1.101 .005 .107 .345 .355 1.430
112*65 2 ,68 116.33 .002 .095 1.370 .182 .6095 .002 .090 .362 .193 .623
132.10 0 .0 0 132.10 .000 .065 .385 .000 .000 | .000 .060 .571 .000 •000 |
................  1
T a b le  XXI.
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2»eries 8 T h eoretica l Experimental
h h „2? (h + V q Q T X p q ft T TL P
1 .8 5 18*30 2 0 .1 5 .1 4 2 *563 ,490 .0 5 5 . 336 m mm Mk
15 .7 0 1 7 .1 0 3 2 .8 0 .0 9 5 .3 5 4 *449 .2 0 9 2 . 972 •104 .4 0 8 .4 8 9 .306 3*► 34029 .5 5 1 5 .8 5 4 5 . 40 .0 6 0 .3 4 8 *438 .3 9 2 4 . 049 • 073 .385 .452 .431 4,► 77143 . 40 1 4 .6 0 5 3 .0 0 .045 .3 4 4 *440 .436 4 . 443 .0 5 5 *382 .4 2 3 .481 5*► 57757*25 15*35 7 0 .6 0 .0 3 6 .337 *443 *470 4 . 651 • 044 .3 3 1 .437 .5 5 2 5,,768
71 •10 1 2 .2 2 3 3 .2 2 .029 .3 3 0 * 449 .481 4- 585 .036 .3 8 8 .451 .5 8 4 5,,68084 .95 1 0 .8 5 9 5 .8 0 .0 2 4 .3 1 5 ,458 .4 9 6 4 . 450 .0 2 9 .337 .  44o .561 5,,55198• 80 9 .6 3 1 0 3 .4 3 •019 •oOO *469 .4 3 1 4. 000 .0 2 3 .331 .4 5 4 .3 2 9 5,*005
112 • 65 8 .3 9 1 2 1 .0 4 .0 1 3 .2 8 3 *479 .4 5 9 3 . 530 .0 1 9 .3 2 9 .447 .5 0 1 4,*785126 *50 6 .1 5 1 3 2 .6 5 • 013 • 2 86 *487 .4 4 0 3. 118 .016 • 308 .4 4 9 .306 4,*502
140 .3 5 5 .9 2 1 4 6 .2 7 .0095 •24a. *502 .410 2 . 654 •O il .2 7 1 .463 .439 3,*338
154• 20 4 .6 3 1 5 8 .8 3 .0 0 7 .2 2 4 ►513 .3 7 0 2 . 103 .008 .2 6 8 .4 8 1 .3 5 4 2,*561
168 •03, 3 .4 2 1 7 1 .4 7 .005 .1 9 7 >525 .328 1 . 600 .006 .2 3 7 .522 .327 1,►931
181• 90! 2 .2 2 184 .1 8 .003 .1 4 3 .537 .2 8 3 1 . 016 .003 •155 .6 8 5 .271 1<►039
206•BO I 0 .0 0 2 0 6 .8 0 •000 .1 2 6 .558 .000 *COO -
“
m. •
Table XXII.
  » 1 " '* 1 ■ 1 H| ^
Se r ie s  9 3Pheoretical
in
Experimental j
h by (h q 1 Q T n F q Q T p
1 .8 5 1 8 ,3 5 2 0 ,2 0 .226 .5 6 6 .6 0 1 .0 6 7 .6 9 6 mm «• _
15.70 1 7 .3 5 3 3 .0 5 .1 3 7 .560 ,5 4 5 .2 9 6 3 .2 4 7 .164 .6 6 3 .5 8 7 .303 4 . 383
29 .55 1 6 .3 2 4 5 .8 7 •097 .558 ,5 2 9 ,395 5 .4 1 5 ,118 .650 .577 .4 1 2 6 .0 4 3  ,
43*40 1 5 .4 5 5 8 .8 5 •074 .5 5 4 ,5 2 3 ,446 6 .0 8 0 .0 8 9 ,6 3 5 .580 .4 6 8 7 .0 0 5
57.27 1 4 .4 1 7 1 .6 6 .0 5 9 .5 4 7 .5 2 7 .475 6 .4 0 3 .072 .633 .5 4 3 .501 7 .5 2 4
71.10 1 3 .3 8 8 4 .4 8 .048 .5 3 6 .5 3 4 .4 9 0 6 .3 3 5 •058 .628 .569 .506 7 .2 5 0  |
84.95 12 ,4 4 9 7 .3 9 •040 .5 2 4 .5 4 1 .5 0 0 6 .2 7 5 •030 .596 .5 5 2 .5 4 7 7 .6 8 8  i
98.80 1 1 .5 0 11 0 .3 0 .0 3 4 .5 0 6 .551 .5 1 1 6 .1 0 0 ,0 4 1 ,589 .5 3 5 .530 7 .3 0 0
112,65 1 0 .5 5 1 2 3 .2 0 ,028 ,4 8 4 .561 .5 0 3 5 .616 .0 3 6 .575 .572 ,542 7 .092
126.50 9 ,5 4 1 3 6 ,0 4 •024 .470 .571 .4 9 7 5 .3 1 8 •030 .560 .5 6 7 .521 6 .6 9 4
140,55 8 .5 7 1 4 8 ,9 2 •029 .451 .5 8 3 ,478 4 .823 .026 .  53«!? .571 .527 6 .3 9 5  j
154.20 7 .5 9 1 6 1 ,7 9 •017 .431 ,5 9 4 ,4 6 8 4 .410 ,021 .522 ,582 .476 5 .5 6 2
168.05 6 .5 7 1 7 4 .6 2 .0 1 4 .4 1 4 • 606 .4 3 7 3 .8 3 0 ,0 1 7 ,4 9 4 .593 .445 4 .8 1 3  j
131.90 5*64 1 8 7 .5 4 •012 ,3 9 8 ,6 1 8 .4 2 2 3 .5 2 8 •013 .451 .620 .402 3 .8 0 5  ;
194.75 4 .7 2 1 9 9 .4 7 •009 .3 5 2 .628 ,3 8 3 2 .7 8 8 .010 .437 .6 3 5 ,345 3 .0 7 0  j
T a b le  XXXII,
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Ser:le a  10 Theore ;ica l 2xperim©ntal
h (h 4* hj * q a r q T \
i
P
1.S5 18*40 20.25 .309 *790 .703 .055 .814 i
15,70 17.55 33.25 .186 .785 .635 .866 4.600 .224 .924 .693 .293 5.875
29*55 16.70 46.25 .135 .777 .613 .595 5.502 .162 ,911 .686 .404 6 .  9B2
45,40 15.28 59.28 .102 .772 .607 .441 7.300 .121 .896 .677 ,4 a l 7.750
57*25 15.05 72.30 .082 .765 *608 .472 7.722 ,103 .891 .650 .511 3.950
71*10 14.20 85.30 .068 • 760 .615 .490 7.898 .084 .890 .647 .516 9.201
84*95 13.38 93.33 .057 .741 .620 .502 7.810 .070 .885 .639 .516 9.290
98*80 12.71 111.51 .043 .722 .629 .504 7,545 ,062 .843 .643 .557 9,445
112*65 11.70 124,35 #042 .713 .639 .519 7.415 ,054 .820 .660 ,571 9.093 j
126*50 10 .85 137.35 .036 .690 .649 .508 7.022 .043 ,815 ,891 .514 7.882 i
140 *35 10 .02 150.37 .031 .671 .659 .500 3.601 .038 .792 .659 ,520 3.100 j
154*20 9.16 163.36 .027 .645 .671 ,496 6.203 .033 ,765 ,633 .512 6.045 1
168.05 8 .3 4 176.39 .023 .617 .683 .481 5,660 .029 .738 .654 .503 7,4-47 i
181.90 7 .52 189.42 .020 .501 .694 .473 5,245 ,024 .709 .690 ,474 6.333
194.75 7.29 202.04 .017 .565 .706 .451 4.693 .021 ,709j .693 .449 5.902
tir-
T a b J L eJ C X IV ,
S er i©s 11 T3leore t i c a l Ex,:>erim<sn ta l
*NI
' ■ J
h |h  4* hp q Q T P q Q T
r»
P i[
1 .85
15.70
29.55
43,40
57,25
71.10
84,95
99,80
112.6*5
126,50
140,35
154.20
168.05
181.90
194,75
18.40
17.68  
16.90  
16.30
15.41
14.69  
13.92
13.20  
12,44
11.69  
10.94
10.021 
9 ,46  
8.71  
8.25
20 .25  
39,38  
46.45  
59,70  
72.66  
35.79  
98.87  
112,00  
125.09  
138.19  
151.29  
164.22  
177.51  
190.61  
203.00
.395
,238
.169
.130
.105
.087
,074
,064
,055
.043
.042
,037
.033
.029
.025
1.035  
1 *025 
1.015  
1.004  
.995  
.987 
.975  
.961  
,936  
,920 
.902  
.875  
.860  
.825 
.803
.794 
.716 
.692 
,682 
,681 
.636 
.691 
.700 
.702 
.716 
.722 
.741 
.756 
.7  64 
.776
,054
.280
,379
.434
,465
.431
.495
.506
,509
.508
.504
,502
.496
,491
.467
.920
5,210
7,226
8.275
8.843
9.045  
9,093
9.045  
8.747  
8,452  
8.101  
7,700  
7.375  
6.902  
6,280
mm
,291
.203
•159
il2 3
.105
,091
.079
.067
,058
.051
.045
.041
.035
•OaO
1,160
1.160
1.141
1.133
1.120
1.113
1.110
1,102
1.03G
1.031
.987
.974
.966
.944
mm
.771
.75)0
.731
.714
.730
.736
.735
.739
.761
.782
.785
.782
.791
.822
mm
.305 
.398 
.465 
.496 
.509 
.534 
.540 
.526 
.520 
.500 
.540 
.  544 
.506 
.477
5.931  
8 .0 0 0 | 
9.445  
10.86  
i o . n l
10.50} 
10.64} 
10.21} 
9.6503 
9.165  
8.843 3 
8.812 3 
8.050J 
7.112}
T a b le  XXV.
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S e r ie s  12
h hr (h *  h* q Q T
1.85 18 .4C 20 *25
; 
CO • 1 .236 .92£ .055
15.70 17.93 53.61 .236 1.276 .796 .271
29.55 17,0? 46 .60 .80C 1.273] .767 .338
43.40 16.40 ,39.80 ..156 1 . 2o4 .730 .417
57.25 15.70 72.95 .i2 d 1 .2o 4 .754 *455
71.10' 15 .OS 86.15 .106 1.244 .757 .465
84.95 14.31; 99.50 .091 1.234 .732 .431
93.30 1 3 .7C 112.50 .079 1.224 .770 .490
112.65 13.0C 125.65 .069 1.210 .779 .496
126.50 12.5c: 138.83 .060 1.173 .738 .497
140.35 11.66 132.00 ..053 1.147 .799 .499
154.20 10.96 165.16 .047 1.129 .810 .494
168.05 10.2^ 178.33 .042 1.106 .822
.833
.491
181.90 9*65 191.55 .038 1.035 .439
194.75 9.0C 203.75 .034 1.061 .345 .436
T heoretica l Experimental
Q T A
.964
5.645
7.944  
S.075I 
9.800  
9.950 
10.14  
10.11 
9.995  
9.638  
9.313
8.945  
8.580  
8.295j 
7.848
.570 
.355  
.2  56 
.195  
.159 
.124 
.111  
.092  
.035  
.071 
.066 
.059  
.052  
.047  
.042
1.258
1.316
1*307
1.334
1*342
1.331
1.329
1.340
1.314
1.505
1.290
1.287
1.273
1.256
1.232
.384
.351
.302
.790
.730
.769
.770
.771
.789
.311
.822
.327
.822
.353
.$38
.063
.326
.440
.436
.521
.609
.546
.521
.559
.529
.534
.544
.526
.522
.511
I.1 9 6  
6.530  
9*423 
10.70  
12.14
I I .4 8  
12.24  
11.78  
12.11 
11.09  
11.28  
11.00  
10.61  
1 0 .0 2  
9.775
Table XXVI.
S e r ie s  13 T heoretica l
h hy (h Vhs * 1 Q T p q a T 1 P
1.85 1S.5C 20.11 - .12^ : ,33^ i 47-E .052 ♦'482 „. «• *• m
15.70 1 6 .9S 32.6c ■*07<: .33< .44? .270 2.582 - - tm - -
29.55 15. ,7C 45.2  F. -.05S : ,32( ,43( .569 3.576 .061 .336 .414 .410 4.35Q
43.40 14.5S 57. 7? .03< ' .517 .435 I .411 3.920 , 0 46 .344 • 42£ .446 4.650 .
57,25 12 .9  ? 7 0 .2( .03: -.507 .43? *444 4.C71 • C3£ .536 • 42:7 • 51C 5.295
71.10 11.6? 82 .7  e .02? •29?=. .44^ ,459 4.026 .031 .325 .43? . 522 5.071
84.95 10 .30 95.2- •02( .28? ,45< - ,456 3.776 ,02c .516 .436 .516 4.844
98,80 8.97 107.77 .01^ .27? .45S ,440 3.420 .021 .309 .453 .510 4.600
112,6 5 7.63 120.27 .0X2 .26'- ,47? .426 3.095 .01^ .258 . 431 .452 3.680
126,50 6.50 | 132.80 .01C .247 .48(3 .390 2.658 .0x1 .242 .430 .441 3.172
140,55 4.91 145.26 .007 •2 ie .49-9 .352 1.987 ,.008 .206 .460 .418 2.430
154,20 3.61 157.81 .00? • 20C .506 .296 1.525 ; .c o s .181 .480 .398 1.607
188,0 5 2.22 170.27 .005 .174 ,519 .225 .974 .003 •139 ,501 .279 1.009
181,90 1 .02 182.92 .003 •152 .531 .091 .342 - - - m
193.00 0 .00 193.0C .ooc .133 .539 .000 .o o c - “ •*
Experimental
Table XXVII.
-  79
S e r ie s  14 T heoretical Experimental
h hj . ( h 4 - h r ) q Q T P q Q T * i
1.85 13.40 20.25 .302 .912 .695 .047 .805 mm mm mm m
15.70 17.55 33.25 .183 .908 .629 .243 4.574 mm mm mm- !29 .55 16 .69 46.24 .130 .903 .608 .327 6.321 .159 .968 .658 .374 7.145
45.40 15.85 59.25 .093 .898 .602 .563 7.050 .124 .954 .639 .434 8.433
57.25 15.00 72.25 .080 .890 .603 .396 7.598 .101 .932 .641 .477 9.003
71.10 14.15 85.25 .066 .881 .608 .409 7.717 .082 .921 .643 .486 9.075
84.95 13.50 93.25 .056 .870 .614 .420 7.750 .071 .915 .632 .506 9.545
98.80 12.45 111.25 .047 .850 .625 .422 7.428 .057 .882 .618 .421 9.125
112.65 11.60 124.25 .041 .833 .634 .426 7.295 .051 .892 .627 .495 9.150
126.50 10.72 137.22 .035 .816 .644 .417 6.883 .043 .835 .633 .501 8.595
140.35 9 .90 150.25 .030 .796 .655 .408 6.445 .037 .226 .641 .484 8.111
154.20 9 .06 163.26 .026 .783 .666 .394 6.902 .032 .806 .652 .469 7.684
168.05 8 .20 174.5 .023 .757 .678 .392 5.701 .028 .311 ,667 .446 7.050
181.90 7 .35 189.25 .020 .722 .689 .383 5.282 .024 .794 *691 .424 6.300 1
194.75 6 .56 201.31 .017 .696 .702 .366 4.723 .019 .705 .699 .404 5.297 [{
Table XXVIII.
I' |:1i.
S e r ie s  15 T heoretica l Experimental
h h* (h q Q T P q Q T \ P
1.85 18.40 20.25 ,484 1.310 .888 .052 1.010 „ mm mm mm
15.70 17.73 33.43 .290 1.297 .801 .270 5.692 - - -  ■ mm mm
29.55 17.07 46*62 .207 1.290 .770 .365 7.950 .252 1.510 .841 .379 8.840
43.40 16.40 59.80 .160 1.275 ,759 .419 9.151 .192 1.425 .802 ,464 10.71
57.25 15.75 73.00 .129 1.270 .757 .448 9.750 .158 1.417 .789 .491 11.45
71.10 15.05 86.15 .108 1.262 .760 .466 10.10 .133 1.362 .770 .534 12.28
84.95 14.40 99.35 .092 1,245 .765 .482 10.21 .119 1.555 .760 .574 1 3 .3q
98.80 13.70 112.60 .080 1.231 ,773 .493 10.22 ,101 1.343 .731 .569 13.30
112.65 13.05 125.70 .069 1.210 .782 .494 9 ,950 .056 1.329 .768 .560 12.60
126 .50 12.65 139.15 .061 1.195 .791 .497 9.755 .075 1.308 •821 .558 11.56
140.35 11.67 152.02 .054 1,175 .801 .496 9.477 .067 1.260 .789 .574 11 .9 4
154.20 11.00 165.20 .043 1.151 .813 .494 9.100 .059 1.247 .822 .561 11.06
168.05 10.32 178.37 .043 1,130 .824 .492 8.782 .054 1.234 .811 .563 11.1S
181,00 9.67 191.57 .033 1.105 .835 .481 8.051 .047 1.252 .81o ;324 10.48
194.75 9 .07 203.52 .034 1.075 .848 .475 7.817 .042 1.241 .822 .508 9.95C
i
T ab le XXIX.
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S e r ie s  16 T heoretica l Exper imental
h hr ( h 4>hr ) q Q T *1 P q Q T *1 P
1 .85
15.70
29 .55  
43.40 
57.25 
71.10 
84*95 
98.80 
112.65 
126.50 
140.35 
154.20 
168.05 
181.90 
194.75
18.40
17.85  
17.29  
16.70  
16.14
15 .55  
15 .00
14.40
13 .85  
13.23  
12.67  
12.10
11.55  
10.95  
10.43
20.25
33.55
46.84
60.10
73.39
86.65
98.95
113.20
126.30  
138.75  
153.02
166.30  
179.60  
192.85  
205.18
»6G4
*399
*234
*219
*173
*149
*128
.111
*098
*007
*077
*069
,062
*056
*051
1.899
1.892
1.859  
1 .881  
1.864
1.859  
1.046  
1.831  
1.816  
1.796  
1.771  
1.751  
1.722  
1.691  
1.672
1.075  
.968  
.930 
.915  
.  910 
.912  
.916 
.923  
.931  
.939  
.949  
.961  
.972  
.932  
.995
in
.049  
.255  
.342  
.388  
.420  
.438  
.454  
.460 
.486  
.472  
.469  
• 466 
.465  
.462  
.457
I.141  
6.472  
9.035
10.39
II.20  
11.61  
11.85  
11.89  
11.84  
11.73  
11.41  
11.07  
10.71
10.39  
10.00
.476
.353
.268
.216
.187
.152
.138
.123
.110
.097
.085
.076
.067
.062
mm
2.187
2.182
2.163
3.141
3.134
3.136
2.129
2.125
3.096
2.073
3.0S1
3.054
L.975
L.967
1.017
.989
.984
.937
.935
.924
.920
.951
.938
.941
.942
.958
.963
.934
.263 
.368  
.413  
.445 
.480 
.464 
.493 
.502 
.511 
.506 
.  433 
.478  
.474  
.472
j
-
7.36C
10
11.03
IS .18 
1 4 .2C 
13.98 
1 4 . 71 
14.58  
14.82  
14.40  
13 . 9C 
13.31  
12.64  
12 . 2S
Table XXX,
S e r ie s 17 T h eoretica l Experimental
h hr (h*k by) q Q T P q Q T P
1.85 18.40 20 .25 .844 2 . 665 1.236 .045 1 . 262 1.120 3 .140 1.413 .050 1 . 465 !
15.70 17.90 33 .60 .507 2 . 661 1.114 .230 7 . 150 .618 2.981 1.250 .250 7 . 774
29.55 17.45 47 .00 *360 2. 658 1.070 .308 9 . 945 .422 2 .912 1.131 .329 11 .00 |
45.40 16.90 60 .30 .280 2 . 651 1.051 .352 11 .56 .338 2.907 1.110 .385 13 .10
57.25 16.40 73 .65 .227 2. 640 1.045 .378 12 .41 .277 2.923 1.122 .417 14 .09
71.10 15.90 87 .00 .190 2 . 630 1.044 .395 12 .91 .256 2 .885 1.110 .446 15 .10
84.95 15.40 100 .35 .163 2 . 615 1.046 .407 13 .22 .191 2.856 1.073 .437 15 .11
: 98.80 14.85 113 .65 .142 2 . 595 1 .054 .416 13 .29 .174 2 .921 1.128 .482 15 .26
:I112.65 14.35 127 .00 .126 2 . 585 1.061 .422 13 .36 .136 2.904 1.110 .465 15 • 21
01126.50 13.85 140 .35 .112 2 . 585 1.068 .424 13 .24 *.139 2.878 1 .131 .471 15 .55
1140.35 13.35 153 .70 .101 2 . 550 1.078 .420 13 .17 .121 2 .786 1.071 .469 15 .85
1154.20 12.82 167 .02 .001 2. 515 1.089 .429 12 • 90 .114 2.815 1.142 .480 15 .08
1168.05 12.30 180 'Z K + kjD .082 2. 495 1.100 .425 12 .51 .091 2 .730 1.153 .431 13 .24 j
1181,90 11.85 193 .75 .075 2. 465 1 .1 U .425 12 .25 ..0 8 3 2 .742 1.161 .423 12 .23
1194.75 11.36 206 .11 #069 2 . 435 1.122 .425 11 .98 .076
2
.713 1.169 .420 12 . 6$ !
T able XXXI
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S e r ie s  18 T h eoretica l
*
Experimental
h hp (h hr q Q T P q Q T P
1.85 18.30 20.15 .210 .572 .607 .052 .639 m m
15.70 17*35 33.05 .126 .568 .544 .260 3.638 - mm
29.55 16.32 45.87 .090 .560 ,529 .365 5.030 .118 *593 ,522 .452 6.685
43.40 lo  ,oC 58.70 .068 .552 .528 .411 5.893 .086 .584 .518 .492 7.200 !57.25 14.2S 71.53 .055 .542 .529 .447 5.932 .069 .571 .538 .532 7.527
71.10 13.2$ 84.35 ,045 .533 .534 .462 5,995 .056 .565 .550 .545 7.249 i!
84.95 12.22 97.17 ,037 .521 .542 .463 5.800 .047 .556 .536 .531 7.590
98,80 11.2C 110.00 ,031 .507 .552 .465 5.545 .038 .529 .550 .545 6.833
112.65 10.23 122,86 .026 .488 .563 .461 5.210 .033 .523 .571 .546 6.511 |:
1,26.50 9.1$ 135.66 .022 .470 .572 .456 4.875 .028 .510 .582 .534 6.090 i!
1,40.35 8.14 148.49 .018 .450 .584 ,4o4 4.336 .020 .442 .566 .489 4.962
1154.20 7.12 161.32 .oiq .429 .596 .415 3.878 .016 ,396 .861 .479 4.395 i
1168.05 6.1C 174.15 .012 .408 .607 .380 3.325 .013 .375 .538 .449 3.721
1181.90 5 . 1 : 187.01 •old .386 .619 ,362 2.938 •011 .361 ,  c,' ,426 3.378
1194.75 4.1C 198.91 ♦ood •366j .630 ,323 2.477 .009 .333 .619 .404 2.833
Table XXXII.
S e r ie s  19 T h eoretica l Experimental
h hi (h Vhr > q Q T P Q T 2L
1.3c
1 15.70
2 89.5
j 43.4(j
3 57.2
v 71.1C 
3 84.9E 
3 98.8C 
J.12.GC 
21186.50 
'1140.35 
'1154,20 
1.88,0., 
'1181.90 
21194.75
IS .4C 
17*7i 
17.11 
■16*47 
15.83
i s  , r
14.531 
15.88  
13.24 
12.5$ 
11.8 
11.2$ 
10 . 5E 
9 .9  
9.34
20.25
33.45  
46 .66  
59.87  
73.06  
86.27
99.46  
112 .68  
125.89  
139.05  
152*24 
169.49  
178.63  
191.98  
204.09
.51  
.310  .22( 
.173 
,13£ 
.1 1  
.09^ 
.08  
.07  
•06 £ 
*05 
.05$ 
•04( 
.043 
.03^
1.414
1.399
1.389
1.386
1.374
1.369
1.358
1.359  
1.329  
1.310  
1.282  
1.264  
1.232  
1.194  
1.192
*91C
.8 ie
*78C 
.774 
.77  
.774  
.77$ 
.78  
*796 
• 804 
.81  
.826  
*83E 
.84$ 
.563,
.052 
*268 
.361 
.412 
.442 
*46C 
.473 
.482 
.48$ 
*49C 
.48$ 
.4  27 
.48c 
• 48C 
.46$
1.04V 
5*95( 
8.276  
9,600  
1 0 .2 2  
10.56  
10.08  
10.60  
10 . SO 
1 0 .4( 
1G.CC 
9.71V  
9.233  
8.79( 
8 .3 7 rr
.63
• 37£ 
*28C 
.21$ 
.172 
.14  
.124  
.1 0  
.092  
.07$ 
.068 
.063 
.055
•oec
• 04
1.410  
1.461  
1.453
1.447  
1.440  
1.436  
1.412  
1.444  
1.427  
1.365  
1.336  
1.318  
1.331  
1.32E 
1.315
1.041
.884
.82$
.813
.77$
.813
.77C
.801
.824
.781
.813
. 86$
.8228 *7 KJ
.063  
.313  
.  4o8 
.498  
.526  
.556  
.573 
.541 
.554  
.564 
.551 
.549  
.534 
.527; 
.513
1.121
6.720
9.993
11.57
12.65
12.79
13.58  
12.70
12.58
12.80  
11.62
11.59
10.65  
11.06  
10.51
T able XXXIII.
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Series 20 Theoretical Experimental
h hr ..... (h q , Q T n P q Q T *1 P
1.85 18.40 20.25 .829 2 .515 1.206 .046 1.275 .988 2. 770 1.340 .050 1 . 362
15.70 17.90 53.60 • 494 2.510 1.035 .233 7.150 • 527 2. 758 1.174 .262 7. 985
29.55 17.41 46 .96 .352 2.505 1.041 .320 9.975 .432 2. 674 1.100 .368 11 .61
43.40 16.90 60.50 .272 2.4S7 1.022 .363 11.64 .334 2. 793 1.130 .399 12 .82
57.25 16.57 73.62 .221 2.490 1.016 .392 12.46 .269 2. 692 1.042 .440 14.76
71.10 15.85 86.95 .186 2,475 1.016 .411 13.02 .227 2. 724 1.070 . 454 15 .09
84.95 15.55 100.50 .160 2.466 1.019 .423 13.35 *186 2. 661 1.034 .456 15 .25
98.80 14.85 113.65 .139 2 .  45 o 1.026 .430 13.37 .163 2. 684 1.052 .461 15 .30
1112.65 14.31 120.96 .123 2.435 1.033 .438 13.39 .141 2. 672 1.090 .457 14.58
1126.50 15.80 140.50 .109 2.415 1.040 . 440 13.27 .128 2. 568 1.110 .466 14 .60
1140.35 13.28 156.63 .096 2,i>S5 1.050 .442 13.10 .117 2. 670 1.035 .473 15 •27
1154*20 12.78 166,98 .089 2.362 1.052 .446 12.92 .102 2. 596 1.041 .466 15 .10
1168.05 12.28 180.30 .060 2.338 1,072 .444 12.53 .096 o 610 1,053 ,474 15 • 31
4181.90 11.78 193.68 .073 2.311 1,083 .441 J L & m .084 2. 587 1.068 .454 14• 30 j
1194.75 11.29 206.04 .067 2.286 1.0S5 .439 11.91 .073 2. 470 1.090 .443 13 .04 1i
Table XXXIV.
Series 21 Theoretical Experimental i
h hr (h hj») q Q T 1 P q Q T P
1.85 18.40 20.25 1.130 4.270 1.572
v-
.037 1.329 ■# «■
15.70 18.00 33.70 ,675 4,267 1.427 .192 7.440 .757 3.947 1.365 .231 8.720 i
29.55 17.59 47.14 .432 4.254 1.374 .257 10 .36 .552 4,211 1.394 .298 11.69
43.4© 17.11 60.51 .374 4,244 1,350 .294 12,02 .421 4.149 1.332 .339 13.70
57.25 16.70 73.95 .305 4.234 1,350 .319 13.14 .332 4.130 1.318 .553 14.41
VI .10 16.25 87.35 .256 4.220 1.337 .331 13.60 .287 4.164 1.320 .377 15.46
) 84,95 15.81 100.76 .222 4.217 1.339 .343 14.09 .251 4.062 1.275 .404 16.72
; 98.80 15.39 114,19 .193 4.204 1.344 .348 14,19 ,218 4.143 1.280 .400 16.81
.1-12.65 14.94 127.59 .170 4,174 1.350 .353 14.20 .189 4.045 1.290 .405 16.51
-1126 . 50 14.48 140,98 .152 4.169 1.357 .355 14.18 .177 4,0o4 1.295 .427 17.30
1140.35 13.97 154.32 .137 4.144 1.366 .357 14.09 .154 4.163 1.301 .399 16.60
11154.20 13.60 167.80 .125 4.114 1.377 ,360 14.00 .143 4.160 1.338 .407 16.49
1168.05 13.15 181.20 .114 4.089 1.388 .360 13.80 .128 3.982 1.338 .415 16.10
1181.90 12.72 194,62 + *104 4.064 1.397 .358 13.53 .118 4.141 1.342 ,398 15.96 |
1194.75 12.32 207.07 ,096 4.024 1.409 .356 13.23 .107 3.927 1.350 .408 1 5 .4 5 i
T able XXXV.
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<J e r i e s 22 Theoret jLeal Experimental 1!
(h * h r) q Q T P q Q T 4 . P
1.85 18.35 20.20 .296 .810 .702 .052 .781 m- mm mm
15.70 17.62 33.22 .178 .799 .637 .269 4.362 m - . . «* ' »
29.55 16.70 46 .25 .126 .791 .616 .362 6.04S .149 .835 .548 .405 7.550
43.40 18.81 6 9 .23. .097 .794 .610 .412 6.900 .118 .344 .605 .456 8.474
57 .25 14.90 72.21 .078 .772 .611 .446 7.315 .095 .830 ,645 .504 8.433
71.10 14.09 35.19 .064 .759 .617 .461 7.385 .077 .838 •  ool .502 8,405
34.95 13.04 97.99 .054 .751 *623 .470 7.352 .068 ,323 .659 .539 8,765
98.80 12.36 l l l « l o .046 .731 .633 ,477 7.170 .055 .766 .621 .546 8.743
112.65 11.50 134.15 .040 .720 .642 .481 7.023 .049 .751 .661 ,566 8.352
126.50 10.64 137.14 .034 .703 .658 .471 6.585 .042 .766 ,839 .534 7,715
I 140.35 9.78 150.13 .029 .679 .663 .465 6.149 .036 ,764 , 631 .510 7.773
154.20 9.15 163,o5 .025 .657: .675 .451 5.710 .031 .758 .660 .484 7.243
158.05 8.08 176.13 .0 21 .628 .687 .434 5 .135 .027 .732 .666 .477 6,817
131.90 7.22 189.12 .018 *605 .698 .417; 4.687 .021 ,637 .698 .431 5.473
: 194.75 6.38 201.13 •016 .5831 .710 .410 4.390 .017 .593 .694 ,423 4.780
Table XXXVI.
Series 23 Th<3 o re t i sal Extjerimeiita l
h h r ( h ± h r ) q Q T P q Q T n
P
1.85 18.40 20.25 .725 2.112 1.106 ,049 1.211 .816 8.192 1.141 .053 1.322
I 15.70 17.90 3o.60 .435 2.102 .995 .250 6.860 .542 2.271 1.089 .288 7,826
: 29,55 17.55 47.10 .305 2.097 .955 .334 9.550 .373 2.252 1.038 .377 10.61
43,40 16.77 60.17 , 240 2.081 , 94-0 .385 10.96 .298 2.284 1.003 .434 12.91
 ^ 57.25 16.23 73.48 .195 2.077 .933 .414 11.96 .239 2,275 1.021 .464 13.39
? 71.10 15.63 86.78 ,163 2.068 .934 ,431 12,40 .202 2.290 1.011 .484 14.10
3 84,95 15.15 100.10 ,140 2.057 .938 ,444 12.68 .173 2.201 .968 . 512 15.18
3 98,80 14.61 113.41 .122 2.038 .946 .455 12.71 ,152 2.248 1.018 .512 14.77
>1112.65 14. Co 123.70 ,107 2.016 .953 . 460 12.66 .119 2,203 .940 .467 14.27
31126.50 13.50 140.00 .095 2.004 .961 .462 12.49 ,108 2.120 .902 .495 15.15
1140.35 12.95 153,30 .085 1.976 .971 .465 12.28 ♦ 097 2.137 .951 .490 14.31
1154.20 12.40 166.60 .077 1,950 .983 .466 12,09 1,086 2.122 1.004 .481 13.20
31168.05 11.84 179.89 .069 1.935 ,904 .463 11,68 .079 2.034 .985 ,502 13.49
1131,90 11.28 193.18 .065 1.908 1.004 .461 11.40 .072 2.093 1.045 .481 12.51
31194.75 10.72 205.53 *057 1.877 1.017 ,455 10.91 .066 2.061 1.004 .480 12.80
T able XXXVII.
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S e r ie s  2 T h eoretica l Experimental
h (hVhy) q Q. T 1 P q Q T 7 P
1.85 18.40 20 .25 1.150 4.310 1.373 , 0 38 1.351 1.230 4.642 1.650
— - 1_— 
.057 1.380
£ 15.V0 18.01 33. 71 .664 4.305 1.428 .186 7.310 .785 4.714 1.535 .201 8.048
x 29,55 17.58 47 .13 .492 4.30C 1.374 .260 10.39 .531 4.271 1.347 .282 11.25
t B.4C 17.16 60.56 .382 4.290 1.350 .297 12.26 .439 4.341 1.378 .338 13.81
■; 57.25 16.70 73.95 : .310 4 .280 1.340 .318 13.25 .571 4.567 1.36? .368 15.56
’ 71.10 16.29 67.39 .262 4.26E 1.337 .336 13.93 .310 4.190 1.322 .406 16.65
3 84.95 16.85 100.80 .227 4.250 1.339 .349 14.40 .286 4.4-75 1.367 .388 16.82
9 98.80 15.4Cj114.20 .197 4.24C 1.344 .353 14.46 .231 4.512 1.349' .389 16.04
£112.65 14.98; 127.63 .17C 4.22£ 1.330 .358 14.89 .189 4.075 1.328 .402 16.07
3126.50 j14.52 141.02 .156 4.207 1.3SC .361 14.88 .168 4.261 1.302 .384 16.31
5140.55 14.10 154.45 .141 4. ISC 1.355 .364 14,51 .154 4.474 1.366 .372 15.34
3154.20 13.65 167.85 •12c 4. ISC 1.376 .365 14.56 .142 4.517 1.395 .372 15.09
3JI68.05 13.22 131.87 .117 4.14C 1.337 . 365 14.20 .125 4.313 1.367 .379 15.39
J21.SC 12.80 194.70 .107 4 .UC 1.397 .364 13.94 .116 4.173 1.382 .389 15.26
'1194.75 12.40 807.15 .C9S 4.08C 1.400 .363 15.71 .108 4. 026 1.420 .  402 14.32
Table XXXVIII»
S er ies Is
-
Thee^ e t ic a l Experimental
h hr. (h •May, q Q T P q Q T P
1.85 18.40 20 .8 5 .580 1.261 .774 .043 • 909 mm m*
115.70 17.65 33.35 .228 1.252 .698 .220 5.126 - - m wm »
i 29.55 13.90 46 .45 .163 1.243 .673 .296 7.152 .195 1.235 .745 .359 7.748
' 43.40 13.15 59.55 .12C 1.234 .,634 .336 8.175 .156 1.265 .732 .411 9.250
17.25 15.-36 72.61 .101 1.224 .634 .333 8.700 .124 1,253 .702 .436 10.10
71.10 14.61 85.71 .084 1.216 ,639 .378 8.935 .103 1.240 .703 .454 10.41
J 84,95 13 .88 33.33 .071 1.204 .674 .338 8.949 .089 1.263 .710 .471 10.64
'? 98,30 13 . l j1 111.84 *331 1.190 .635 .390 8.830 .075 1.243 .635 .458 10.29
ui2.es 12.35 124.93 .055 1.172 *695 .39d 8.615 .057 1.232 .705 .471 10.71
JI26.50 11.6C 138.10 .046 1.161 .702 .3361 8.293 .053 1.214 .748 ,466 9,825
iHO.oS 10.35 151.17 .040 1.153 .715 .333] 7.89Q .049 1.181 .757 . 448 9.095
«i54.20 io.oe 134.25 .036 1*106 .724 .373 7.452 .044 1.136 .763 .447 8,893
$58,05 3.27 177.32 .031 1,084 •  73d •3sd 7.090 .039 1.137 .769 .443 8.643
In1,90 0.55 190.45 .027 1.050 .747 .sod G .570 .034 1.124 .780 *428 7.937*94.73 Tf o  C-: f . *' 3 <- 202.00 .02*2 1.050 ,76C .349j
1
6.151| .030 1 *041 ,772 ,432 7.573
T ab le XXXIX,
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S er ie s  26 T h eoretica l Experi mental
' h ( h 4 - h r ) q Q T * " i n P q Q T *1 P
■1.85 18.40 20 «25 . 934 3 .440 1.28S .038 1.341 m m t
v_
15.70 17.97 55.67 .553 3 .435 1.16C .196 7.551 .611 3,,342 1.251 .221 7 . 674 !
29.55 17.50 47.05 .396 3,427 1.112 .262 10.52 .450 3 ,345 1.226 .311 11 .05 :
■43,40 17.00 60.40 .308 5 .422 1.092 .300 12.22 .353 3 .330 1.170 .354 13 .10
57.25 16.50 73.75 .250 3 .417 1.074 ,322 13.31 .288 3,,554 1.187 .372 13 .89
71.10 16.00 87.10 .211 3 .406 1.083 .539 13.85 .252 3 ,370 1.118 .409 16 .02
84.95 15.56 100.51 -.182 3 .393 1.086 .551 14 .24 .218 3,,418 1.168 ,417 15 .86
i,98,30 15.05 115.85 . *153 3 .579 1.092 •355 14.28 ,187 5 .378 1.175 .420 15 .71
.1112.65 14 .55 127.20 .139 3 .355 1.099 .359 14.27 .165 3 .415 1.125 .420 18 .51
11126.50 14.07 140.57 .124 3 .342 1.106 .361 14.19 .152 3 .428 1.143 .432 16 .82
■1140.35 13.59 153.94 .112 5 .317 1.115 .363 14.11 .129 3 ,254 1.152 .429 15 .72
1154.20 13.10 187.30 .101 3*290 1.126 • 365 13 .84 • 117 3 .287 1.174 .423 15 •36
ifi68 .05 12.60 180.65 .092 3 .266 1.137 .364 15 .61 .098 3,,176 1.171 .399 14 .05
*1.90 12.14 194.04 .084 3 .241 1.147 .362 13 .34 .089 3 .103 1.131 .400 14 .29
■1194.75 11.70 206.45 .077 5 .210 1.15S .360 12 .9  5 .032 3 .045 1.152 .404 13 .86
Table XL.
i
! Series 27 Ezp erimen' :a l Ratio comparisonwith S e r ie s  25........ .
*i «h q Q T X P q Q T X P
15.70 .528 2.40C 1.090 .263 7.60C .975 1.066 1.001 .915 .974
! 29.55 .362 2.223 1 .000 .37C 11.41 • 97C .988 .964 .989 1.012
43.40 .269 2.238 .968 .431 13.08 .971 .979 ,965 .994 1.006
57.25 .227 2.182 .952 .457 13.63 .95] .961 .932 .989 1.020
71.10 .198 2.233 .955 .474 14.7E .981 .986 .944 .995 1.039
84.95 .171 2.126 .945 .524 15.35 .98* .967 .978 1.021 1.011
98.80 .149 2.152 .921 .526 15 .91 .982 .958 .906 1.025 1.083
112.65 .128 2 .224 .909 .499 15.67 1.075 1.011 .967 1.062 1.111
126.50 .117 2.183 .895 .525 16.54 1.084 1.042 .995 1.041 1.092
140.35 .105 2.141 .931 .530 15.86 1.08S 1.002 .978 1.079 1.106
154.20 .091 2.120 .980 ,508 14.50 1.055 .997 .976 1.061 1.082
168.05 .082 2.039 .970 .522 14.21 1.037 1.002 .985 1.038 1.052
! 181.90 .075 2.100 .980 .499 13.90 1.041 1.005 .937 1.036 1.110
*1 194.75 .088 2.075 .992 .491 13.32 1.031 1.005 .987 1.028 1.045
T ab le  XLI.
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S e r ie s  28 Experi.mentEi l
Ratio oomna 
with S erle
r iser  
s 23.
L
h <3 Q T P q Q T P
1.85  
15.70  
29.55  
43.40  
57 .25 
71.10  
84.95  
98.80  
112*55 
126.50  
140.55  
154.20  
168.05  
181.90  
194.75
.810
.467
.363
.287
.238
.201
.159
.149
.121
.113
.105
.087
.081
.078
.067
2.567
2.519
2.405
2.390
2.315
2.459
2.122
2.333
2.282
2*295
2*530
2.179
2.100
2.310
2.160
1.332
1.071
1.041
1.021
.977
1.000
.949
.976
.957
*940
.968
.949
1.016
1.061
1.000
.045
*244
.543
.400
.453
.449
.489
,486
,464
.430
.487
,474
.498
.472
.464
1.122
6.843
10.29
12.19  
13.93
14.29  
14 .22  
15.06
14.52
15.20  
15.22  
14.13
13.30
13.53  
13.04
.993 
.864 
.974  
.964  
.999  
,996 
.919  
. 980 
1.017  
1.047
1.023  
1.011
1.024  
1.082  
1.015
1.164
1*039
1.069
1.047  
1.018  
1.071
.967  
1.058  
1.030  
1.084  
1.091  
1.025  
1.032  
1.102
1.048
1.166
,984
1.002
1.013
.956
.938
.980
.953
.998
1.041
1.018
.946
1.031
1.015
.997
.834
.879
.972
.910
.981
.929
.953
.944
.987
.966
.992
.986
.992
.982
.969
.852
.878
.971
.946
1.042
1.002
.938
1.021
1.020
1.004
1.064  
1.070
.993
1.064  
1.018
Table XLII*
S er ies  29 Experiment?
j ____
a tatio  comparison with S er ie s  23.
h q Q * 1 :.H_ p q Q T _ 4 - P
1.85
15.70
29.55
43.40
57.25
71.10
84.95
98.80
112.65
126.50
140.35
154.20
168.05
181.90
194.75
.583
.394
.337
.266
.208
.196
.151
.159
.132
.117
.106
.095
.088
.081
.073
2.400  
2.303
2.400  
2.274  
2.080
2.422  
2.138  
2 . 345
2.422  
2.271  
2.279  
2.190  
2.185  
2.200  
2.215
1.172
1.048
1.049  
.970  
.  90 C 
.970  
.931 
.950  
.930 
.940
1.031
.978
1.039
1.000
.953
.034  
.206  
.318 
.391  
, 430 
.442  
.461  
.516  
.470 
.502 
.525 
.514 
.581  
.514  
.494
8.920
5.905
9.497
11.88
13.22
14.36
13.75  
16 .5o  
15.66
15.75  
14 , 42 
14.96  
14.25  
14.71  
14.90
.714
.726
.903
.893
.872
.971
.874
1.047
1.110
1.084
1.091
1.103
1.113
1 .124
1.105
1.096
1 .015
1.068
.995
.914
1.039
.969
1.041
1.100
1.070  
1.065  
1.031
1.071  
1.053  
1 .074
1.025
.963
1.011
.966
.883
.959
.960
.933
1.010
1.041
1.083
.972
1.055
.057
.948
.652
.714
.847
.900
.968
.918
.904
1.005
1.011
1.011
1.026
1.067
1.038
1.060
1.090
.696
.752
.894
.925
.987
1.012
.910
1.121
1.100
1.041
1.007
1.131
1.055
1 .174
1.188
T able X L III.
-  87
S e r ie s  51 > E:cperimental
Ratio comparison 
with S er ies  23*
h q Q T \
. . . . .  . . . . .  
P q Q T \ T P
1.85  
15*70 
29.55  
4:3 .40  
57.25  
71.10  
84.95  
98.80 
112.65  
126.50 
140.55 
154.20 
168*05 
181.90 
194.75
.812
.536
*571
.289
.245
.204
.177
.154
.123
.118
.102
.090
.081
.076
.069
2.250
2.377
2.243
2.259
2.440
2*366
2*275
2.293
2*325
2.370
2*310
2.235
2*157
2.210
2.186
1.220
1.140
1.031
.970
1.041
*242
1.000
*950
1*000
1*000
1.016
1.029
1.000
1.081
1*016
.051
.273
.376
*427
.442
,472
,507
*510
,459
,485
.477
,478
*487
,478
*472
1.231
7.395
10.61
12.92  
13.45  
13.38  
15.01  
16 .00  
15*86
14.92  
14*11 
13,49  
13.61  
12.76  
13.22
.995
.290
.995
.970
1.025  
1.010  
1.023  
1.012  
1.032  
1.092  
1.051  
1.047
1.025  
1.054 
1*045
1.026  
1.045  
1.010  
.991  
1.070  
1.036  
1.031  
1.019  
1.055  
1.119  
1.081  
1.052  
1.060  
1*060 
1.059
1.070  
1.049
.995
.967
1.020
.931
1.031
.934
1.064
1.109
1.070  
1.025  
1.013  
1.033  
1.011
.971
.047
.985
.978
.959
.976
,992
.994
.980
.976
.973
.995
*962
.995
.988
.930
.945
1.000
1.001
1.005
1.084  
.992
1.085  
.973  
.986  
.984
1.022
1.010
1.018
1.032
Table XLIV.
R atio comparison
S er ie s  33 Experimental with Series3 23.
h Q Q T P q Q T P
1 .8 5 *670 2.480 1.272 ,038 0.974 .821 1.131 1.116 .726 .737
15.70 *395 2.190 1.041 .218 5.960 .729 .965 .960 .756 .760
29.55 ,320 2,279 1.000 .320 9.451 .857 1.911 .964 .847 .882
43.40 .262 2,250 .969 ,388 11.70 .879 .987 .966 .890 .911
57.25 .219 2.193 .951 *439 13.17 .915 .964 .930 .949 ,984
71.10 .199 2.420 1.000 .449 14.13 .985 1.056 .988 .935 .997
84.95 .167 2,250 .960 .484 14.75 .965 1.041 .992 .927 .974
98 *80 .152 2.300 .971 .502 15.43 1.000 1.041 .954 .960 1.046
112.65 .125 2.395 .960 « 482 14.66 1.050 1.088 1.021 .966 1.028
126.50 .114 2.303 .971 .481 14.84 1.056 1.086 1.077 ,974 ,983
140.35 .101 2.255 .979 .484 14,50 1.041 1.055 1.029 .986 1.011
154.20 .093 2.320 1.026 .475 14.05 1.081 1.083 1.016 .989 1.065
168.05 .080 2.125 .971 .487 13 .84 1.011 1.043 .938 .970 1.024
181.90 .073 2.133 .984 .479 13.47 1.012 1.019 .942 *994 1.073
194.75 .067 2.106 ,998 .476 13.10 1.015 1.020 .992 .993 1.023
T ab le  XIV.
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S er ies  52 Es:perim@ntal
R ati
with
o comparison 
S eries 23.
h C. «. ... Q T P q Q T \ P
1 .35 .912 2.173 1.221 .059 1.382 1.118 .991 1*070 1.129 1.045
15*70 .578 2.315 1.123 .300 8.050 1.067 L.018 1,036 1.043 1.027
29*55 .400 2.200 1.100 .413 11.82 1.071 .978 ,965 1.092 1.110
45.40 .313 2.190 .991 .477 13.72 1.051 L .041 ,983 1.010 1.062
57*25 .246 2,175 .960 .497 14.65 1.029 .956 .942 1,075 1.002
71.10 .223 2.285 *976 .534 16.21 1.104 .997 *965 1 *105 1.141
84.9b .184 2.237 1.000 .536 15.61 1.063 L.C14 1.031 1.050 1.029
98.80 .159 2.240 1.007 .539 15.59 1.046 .995 ,990 1.051 1.057
112.65 .136 2.272 1.000 .518 15.31 1.142 1.031 1.063 1.106 1.073
126.50 .123 2.218 1.000 .  559 15.57 1.139 L .045 1.109 1.089 1.028
140.55 *116 2.115 .970 .591 16.80 1.185 .992 1.021 1.194 1.159
154.20 .095 2.063 1*021 .  545 14, o2 1.104 .973 1.017 1.133 1.084
168.05 .086 2.076 1 .000 .535 14,45 1.088 1.021 1.014 1.063 1.070
181.90 .078 2.085 .984 .  d24 14.40 1.082 .996 .941 1.085 1.149
194.76 .071 2.042 1.000 .521 13.82 1 .075 .991 .996 1.084 1.079
Table XLVI,
IV* DISCUSSION OF RESULTS OBTAINED.
The r e s u lts  obtained in  th is  in v estig a tio n  can be 
summarized in  the fo llow in g  eigh t p o in ts .
mechanics, i t  i s  p o ss ib le  to  fo re c a st  the behaviour o f a 
hydraulic ram, provided that the fo llo w in g  four p rop erties of 
a g iven  in s ta l la t io n  have been determined separately  by 
experim ent:
b) fa c to r  o f  lo s s  of head due to the impulse valve R (s),
c) drag c o e f f ic ie n t  o f  the Impulse v a lv e  l ( s ) ,
d) head lo s t  during the period of retardation  hy .
The comparison o f th e o r e t ic a l and experimental data j 
presented In Tables XV-XL in d ica te s  that the agreement i s  
very c lo s e  over a wide range o f operating con d ition s, and that 
the average d ifferen ce  between the theory and experiment i s  of 
the magnitude o f  15J?. This appears c le a r ly  in  f ig u r e s  16, 17 j 
and 18, which show g ra p h ica lly  ty p ic a l th e o r e t ic a l and exp eri- j 
mental data a s obtained for the three b asic  elements o f  
performance o f the machine i . e .  quan tity  o f water delivered  per | 
c y c le , q u an tity  o f  water wasted per cycle and duration o f  
the c y c le .
2) The theory developed c o n s is ts  u ltim a te ly  o f f iv e
formulae expressing
a) quantity  o f water d elivered  per cy c le  q,
( 1) By means o f a theory based on the general laws of
a) fa c to r  o f  lo s s  o f head in  the drive p ipe ( l+ ! lk *
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b) q u an tity  o f  water wasted per cyc le  Q,
c) duration of cyc le  T,
d) e f f ic ie n c y
e) power developed P,
as a fu n ction  o f numerous v a r ia b le s  en tering in to  the problem* 
I f  a l l  the v a r ia b le s , except the d e liv ery  head, are f ix e d , I t  
i s  p o ss ib le  to express q , Q, T, t^and P as a fu n ction  o f  the 
former. The resu ltin g  se t o f  f iv e  curves, such as shown in  
f lg .1 9  for  the con d ition s o f S er ies  8 , c o n stitu te  the  
c h a r a c te r is t ic s  of the hydraulic ram. Whatever i s  the ad ju st­
ment of the hydraulic ram, these c h a r a c te r is t ic s  are always 
such that an in crease  in  the d elivery  head
a) causes the q u an tity  o f water d elivered  per cyc le  
to decrease from a certa in  maximum value to zero,
b) causes th e quan tity  o f  water wasted per cyc le  to 
decrease,
c) causes the duration o f the cy c le  to  decrease at f i r s t ,  
pass through a minimum and then in crea se ,
d) causes the e f f ic ie n c y  o f th e  machine to increase  
at f i r s t ,  pass through a maximum and then decrease 
to zero ,
e) a f fe c t s  the power o f the machine s im ila r ly  as  
e f f ic ie n c y . The d e liv ery  head at which maximum 
power i s  developed i s  rather lower than that 
corresponding to  maximum e f f ic ie n c y .
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(5) The theory developed s tr e s s e s  the fa c t  that e f f ic ie n c y
i s  not the on ly  c r ite r io n  required in  the estim ate o f the 
performance o f  the hydraulio ram* The hydraulic ram may be 
so adjusted that i t  w i l l  work with reasonable e f f ic ie n c y  and 
yet the ra te  o f pumping, o r , what i s  analogous, i t s  power, may 
be n eg lig ib le*  This point can be c le a r ly  seen in  f ig u r es  20-25, 
showing th e o r e t ic a l e f f ic ie n c y  and power developed in  26 se r ie s  
of experiments*
(4) The theory developed s tr e s s e s  the utmost importance
o f the proper s e le c t io n  o f the impuls e va lve  load* As shown 
in  f ig u r e s  20-25 , an in crease in  the impulse va lve  load  
c o n s is te n t ly  in crea ses  the power o f the machine and i t s  
cap acity  to work under the increased d e liv ery  head* Further, 
an increased  load in creases the e f f ic ie n c y  o f  the machine up to  
a cer ta in  l im it ,  a f te r  which i t  decreases tending to zero*
The e f f e c t  o f the impulse va lve load i s  c lo s e ly  
connected w ith the length  o f the impulse valve stroke* As 
shown in  f ig u r es  20-25 , an in crease in  the length  o f the 
impulse v a lv e  stroke decreases the p erm issib le load  on the 
impulse valve* This i s  due to the marked decrease o f the 
c o e ff ic ie n t  o f drag*
(5) The theory developed provides a so lu tio n  of the
problem, h ith er to  unsolved, o f the d esirab le  length  of the drive  
pipe* Figure 26 shows the e f fe c t  o f the length  o f the drive  
pipe on the performance o f  the machine, determined for the
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head h » 112*65 f t*  and other con d itions as set in  S er ies  20* 
In the computation o f r e su lt in g  curves, i t  was assumed that 
2 k  = 1 .5  so that 4fk  = 2 7 .1 -2 .5 , ana 4f = 0 .0675 , which i s
a very probable fig u re  bearing in mind that the drive p ip9
used in  the experimental in s ta l la t io n  i s  some 25 years old*
I t  can be seen , that for other fa c to rs  remaining constant, 
an in crease  in  the length  o f the drive pipe:
a) causes proportional increase in the quantity  of  
water d elivered  per c y c le ,
b) in creases the q u an tity  of water wasted per cy c le ,
c) in creases the duration o f  the c y c le ,
d) causes e f f ic ie n c y  and power to  in crease , pass 
through a maximum and subsequently decrease to zero*
In the case under con sid eration , maximum e f f ic ie n c y  and power 
occur when the length o f  th e  drive pipe i s  approx* 45 f t .
I f  i t  were proposed to  in s t a l l  a new pipe with a factor  4 f  
halved , then the optimum length o f  the drive pipe would occur 
at approx* 75 f t .
I t  should be borne in  mind th a t, should any o f the  
other p r in c ip a l fa c to r s  involved , such as supply head, 
d e liv e ry  head, diameter o f the drive p ipe, load on the 
impulse v a lv e , or length of the impulse va lve strok e, have 
been changed, d iffer en t r e s u lts  fo r  the d esira b le  length o f  
the drive pipe would have been obtained*
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(6) The theory developed provides a b a s is  for a 
ra tio n a l design o f  the hydraulic ram in s t a l la t io n .  Although 
sev era l fa c to r s  are involved , 1he m ajority of them w il l  be  
f ix ed  by s p e c if ic  co n d itio n s. Thus for example, the supply 
and d e liv ery  heads w i l l  be determined by the topographical 
s itu a t io n , the diameter o f the drive pipe w i l l  be based on 
the output o f the a v a ila b le  source of w ater, w h ilst the  
fa c to r s  f ,  H(s) and Sl(s) can be obtained by experim ent. A 
matter of some d i f f i c u l t y ,  but of minor importance, w i l l  be 
the determ ination o f the head hr lo s t  during the retardation  
period* This lo s s  must be assumed but the error involved  
w il l  decrease w ith  the increased d e liv e ry  head. I t  can be 
seen , that the problem of design w i l l  be reduced u ltim a te ly  to  
the proper choice of the length  of the drive p ip e , the load  
acting  on the impulse va lve and i t s  length  o f  stroke.
(7) I t  was ascerta ined  experim entally , that the  
v a r ia tio n  of the diameter and grade o f  hardness o f  rubber 
d isc s  used in  the d e liv ery  va lve had rather minor e f fe c t  on 
the performance of the hydraulic ram*
Employing as a b a s is  o f comparison, a rubber d isc  
having an o u tsid e  diameter of 3 ins* and o f 45° Shore1s 
hardness, i t  was found that the use of rubber of 65° Shorefs 
hardness re su lted  in  a decrease o f  e f f ic ie n c y  for lower 
d e liv e r y  heads and a sm all increase for higher d elivery  heads. 
An in crease in  the diameter of the rubber d isc s  up to 4lf and 
5”,  m aintaining the same Shore’s hardness o f 45°# caused
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e f f ic ie n c y  to  be s l ig h t ly  reduced, probably on account of 
increased in e r tia  e f fe c t  on the rapid opening of the d elivery  
v a lv e .
On the other hand, an increase in  the diameter of 
the rubber d isc  up to  4W w ith the increase o f Shore’s hardness 
up to 65°, reduced e f f ic ie n c y  for lower heads but increased It  
fo r  h ig h er . Further in crease of the diameter of the rubber 
d isc  up to 5W and Shore’ s hardness up to 65°, resu lted  in  
co n sis ten t decrease of e f f ic ie n c y , more pronounced for lower 
d e liv ery  heads.
These experiments seem to  In d ica te , that the  
diameter of the rubber d isc  covering the p orts o f the d e liv ery  
va lve  should not be ex c e ss iv e , and that for increased d e liv ery  
heads an increased hardness of rubber i s  d e s ir a b le .
(8) Experiments with the larger a ir  chamber resu lted
in  the co n sis ten t in crease by approximately 10$ in  the  
e f f ic ie n c y  and power developed. As explained p rev iou sly  in  
the th e o r e t ic a l in v e s t ig a t io n , th is  i s  due to the ad d ition a l 
p o te n t ia l energy a v a ila b le  for pumping, formed by water 
tem porarily stored in  the air chamber during the period of  
re ta rd a tio n .
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